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Preface

Renal transplantation is the treatment of choice for patients with end-stage renal disease and
until now half a million renal transplants are done by surgeons, nephrologists, immunolo‐
gists, nurses and patients.

This open-access book covers diagnostic methods as well as clinical aspects and advances in
transplantation immunology. The area covered spans from imaging methods, impact of do‐
nor factors, clinical comorbidities to recent developments in HLA-Matching and Antibody-
Mediated rejection.

The authors are all experienced clinicians and scientists from different regions of the world.
So, this book may help us all by giving useful information to improve care for our patients.

Dr. med. Thomas Rath
Department of Nephrology and Transplantation Medicine

Westpfalz-Klinikum, Kaiserslautern, Germany
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Chapter 1

Medical Evaluation of the Adult Kidney Transplant
Candidate

Phuong-Thu Pham, Son V. Pham,
Phuong-Anh Pham and Phuong-Chi Pham

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/54736

1. Introduction

1.1. Patient education

Prior to the formal evaluation process, all potential transplant candidates are encouraged to
attend a “patient education” session. At the meeting, patients are informed about the medical
and surgical risks and benefits of renal transplantation, the necessity for frequent outpatient
visits in the early postoperative period, the potential adverse effects of immunosuppression,
and the importance of compliance with immunosuppressive therapy. The potential advan‐
tages and disadvantages of deceased versus living donor renal transplantation are discussed
with the patients, and when possible, with their family members, significant others, and/or
friends. Other issues that are addressed include prolonged waiting time for a deceased donor
transplant due to the critical shortage of donor organ and adverse effects of waiting time on
patient and graft survival. In addition, patients are forewarned that various medical and
psychosocial conditions may preclude a patient from being a transplant candidate. Absolute
and relative contraindications to kidney transplantation are outlined in table (1).

1.2. General assessment

1.2.1. Medical / urological evaluation

The routine assessment of a renal transplant candidate includes a detailed history and a
thorough physical exam. In particular, it is important to search for the etiology of the original
kidney disease as it can predict the transplant course and outcome and the risk for disease
recurrence. When available, the kidney biopsy report should be reviewed and the risk of

© 2013 Pham et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.



Chapter 1

Medical Evaluation of the Adult Kidney Transplant
Candidate

Phuong-Thu Pham, Son V. Pham,
Phuong-Anh Pham and Phuong-Chi Pham

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/54736

1. Introduction

1.1. Patient education

Prior to the formal evaluation process, all potential transplant candidates are encouraged to
attend a “patient education” session. At the meeting, patients are informed about the medical
and surgical risks and benefits of renal transplantation, the necessity for frequent outpatient
visits in the early postoperative period, the potential adverse effects of immunosuppression,
and the importance of compliance with immunosuppressive therapy. The potential advan‐
tages and disadvantages of deceased versus living donor renal transplantation are discussed
with the patients, and when possible, with their family members, significant others, and/or
friends. Other issues that are addressed include prolonged waiting time for a deceased donor
transplant due to the critical shortage of donor organ and adverse effects of waiting time on
patient and graft survival. In addition, patients are forewarned that various medical and
psychosocial conditions may preclude a patient from being a transplant candidate. Absolute
and relative contraindications to kidney transplantation are outlined in table (1).

1.2. General assessment

1.2.1. Medical / urological evaluation

The routine assessment of a renal transplant candidate includes a detailed history and a
thorough physical exam. In particular, it is important to search for the etiology of the original
kidney disease as it can predict the transplant course and outcome and the risk for disease
recurrence. When available, the kidney biopsy report should be reviewed and the risk of

© 2013 Pham et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.



recurrent disease should be discussed with the transplant candidate. Patients with end-stage
kidney disease (ESKD) secondary to congenital or genitourinary abnormalities should
undergo a voiding cystourethrogram and appropriate urological evaluation, preferably by the
kidney transplant surgeon. Documentation of the patients’ residual urine volume from the
native kidneys is invaluable in the assessment of graft function in the posttransplant period.
A history of familial or hereditary renal disease must be obtained if living related kidney
donation is an option. The patients’s surgical history should be elicited with special emphasis
on previous abdominal operations. The surgical evaluation of the transplant candidate is
discussed elsewhere.

A complete physical exam should include a careful assessment for the presence of carotid and
peripheral vascular disease. Patients should preferably have a body mass index below 30-35
as obesity is associated with a higher incidence of postoperative complications. In addition to
a thorough history and physical exam, patients should also undergo a number of routine
laboratory testings and imaging studies as outlined in table 2.

Absolute contraindications

Active malignancy

Active infection

Severe irreversible extrarenal disease

Life expectancy < 2 years

Liver cirrhosis1 (unless combined liver and kidney transplant)

Primary oxalosis (unless combined liver and kidney transplant)

Limited, irremediable rehabilitative potential

Poorly controlled psychiatric illnesses

Active substance abuse

Relative contraindications

Active peptic ulcer disease2

Medical noncompliance

Active hepatitis B virus infection3

Morbid obesity

Special considerations

ABO incompatibility4

Positive T cell crossmatch4

Post-percutaneous coronary intervention (PCI) patients. Transplant surgery not recommended:

Within 4 weeks of coronary revascularization with balloon angioplasty

Within 3 months of bare metal stent placement

Within 12 months of drug eluting stent placement

1Kidney alone transplant may be safe in end-stage kidney disease patients with compemsated HCV cirrhosis and hep‐
atic portal vein gradient < 10 mmHg (see text)
2Should be treated prior to transplantation
3Liver biopsy and pretransplant antiviral therapy recommended. Hepatology consult.
4Pretransplant desensitization protocols may allow successful transplantation across these barriers

Table 1. Contraindications for renal transplantation

Current Issues and Future Direction in Kidney Transplantation4

1.2.2. Psychiatric evaluation

Coexisting psychiatric disorders have been suggested to be associated with poor transplant
outcomes due in part to behavioral factors such as nonadherence to medical therapy as well
as physiologic factors such as modification of immunologic and stress responses (Danovitch,
2010). Patients should be inquired about mood or anxiety disorders, alterations in perceptions,
morbid destructive or violent thoughts directed to self or others, medical adherence, risk
taking, substance abuse, and environmental and interpersonal stressors (Danovitch, 2010).
Positive prognostic factors include strong family and social support, good insight, sound
spirituality, and the ability to cope with various stressors. It should also be noted that neuro‐
cognitive symptoms may masquerade as depression hence assessment of organic brain
dysfunction should not be overlooked. Oftentimes, the psychiatric evaluation for transplant
candidacy can be complex and would require referral to subspecialty service for diagnosis and
treatment. A comprehensive discussion of psychiatric issues is beyond the scope of this
chapter.

Laboratory evaluation

Serologies: HIV, hepatitis B and C, CMV, EBV, HSV, RPR (FTA-ABS if positive)

Comprehensive metabolic panel, CBC with differential and platelet count, PT/INR, PTT

Urinalysis, urine culture

PSA in men > 50 years of age1

Immunofixation electrophoresis in candidates > 60 years of age

Other evaluation

ECG

Chest x-ray

Colonoscopy if > 50 years of age2

Abdominal ultrasound in diabetics to evaluate for gall stones

Native renal ultrasound to assess for acquired cystic disease or masses

Pap smear (for women)2

Mammogram for women > 40 years of age2 or with family history of breast cancer

Cardiac evaluation (see text)

Urologic evaluation if history of bladder /voiding dysfunction, recurrent urinary tract infections (see text)

Immunologic studies

Blood group and HLA typing

HLA antibodies

Crossmatching

CMV: cytomegalovirus; EBV: Epstein-Barr virus; HSV: herpes simplex virus; RPR: rapid plasmin reagin; FTA-ABS: fluores‐
cin treponemal antibodies; PSA: prostate specific antigen; ECG: electrocardiogram
1High-risk patients should be screened at an earlier age (African-Americans, those with two or more first-degree rela‐
tives with prostate cancer).
2Part of routine health maintenance, not required for listing unless deemed necessary by the clinician at the time of
evaluation.

Table 2. Assessment of renal transplant candidate

Medical Evaluation of the Adult Kidney Transplant Candidate
http://dx.doi.org/10.5772/54736
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The following section describes specific medical and urological issues that should be addressed
during the transplant evaluation process.

2. Evaluation of risk factors by specific organ system disease

2.1. Recurrence of glomerular disease of the native kidneys

Recurrence of glomerular disease is the third most common cause of graft loss after chronic
allograft injury and death with a functioning graft. Currently available data on the incidence
of recurrent disease and resultant graft loss are heterogeneous due to different study design,
follow-up durations, patient samples, and the variable use of surveillance biopsies among
centers. The reported incidence of recurrent renal disease after renal transplantation and the
risk of graft loss from disease recurrence are shown in table 3. The clinical course and impact
on graft survival vary between different types of glomerulonephritis (Colgert et al., 2008;
Kasiske et al., 2009). Nonetheless, with the exception of primary focal segmental glomerulo‐
sclerosis (FSGS), recurrent glomerular disease is usually a late complication after transplan‐
tation. FSGS secondary to reflux nephropathy or obesity does not recur after transplantation.
In patients with hypertensive renal disease or other causes of chronic kidney disease, focal
segmental sclerosis may be found on histologic evaluation and must be differentiated from
the primary disorder. Suggested risk factors for recurrence of primary FSGS include history
of recurrence in a previous transplant, younger age at diagnosis, rapid progression to end stage
renal disease from the time of initial diagnosis ( < 3 years), presence of mesangial proliferation
in the native kidneys, older donor kidneys, Caucasian ethnicity, and the collapsing variant.
Living donor kidneys (versus deceased donor) have not consistently been demonstrated to be
associated with an increased risk of recurrence. Familial and sporadic forms of FSGS with
podocin mutation, slow progression to end stage kidney disease (ESKD), and non-nephrotic
range proteinuria in the native kidney disease are associated with low risk of recurrence
(Ponticelli et al., 2010).

Despite the propensity for certain kidney disease to recur, the risk generally does not preclude
transplantation and recurrence rarely results in early graft loss. However, systemic primary
amyloidosis (AL amyloidosis) and light chain deposition disease are associated with high rates
of disease recurrence and increased morbidity and mortality after transplantation and are
considered contraindication to transplantation by most centers. In rare selected patients with
sustained complete remission of the hematological disorder kidney transplantation can be
performed at the discretion of the transplant nephrologist and hematologist/oncologist
(Bridoux et al., 2011; Canaud et al., 2012).

2.2. Cardiovascular disease and peripheral vascular disease

Cardiovascular disease (CVD) is the leading cause of death after renal transplantation. Deaths
with a functioning graft occurring within 30 days after transplantation are due to ischemic
heart disease in nearly half of the cases. Cardiovascular screening is considered by most

Current Issues and Future Direction in Kidney Transplantation6

transplant centers as an essential component of the transplant evaluation process. A detailed
cardiovascular history not only predicts the operative risk but also helps in postoperative
cardiac management to improve short- and long-term cardiac outcomes. Over the years there
has been much controversy over the best strategy for pre-transplant assessment and manage‐
ment of coronary artery disease (CAD) to prevent adverse peri-operative cardiac events.
Recently, the American Heart Association / American College of Cardiology (AHA/ACC) have
developed the 2012 AHA/ACC guidelines for “Cardiac Disease Evaluation and Management
Among Kidney and Liver Transplantation Candidates” based on a comprehensive review of
the literature pertinent to perioperative cardiac evaluation of potential kidney or liver
transplant recipients (Lentine et al., 2012). These guidelines are endorsed by the American
Society of Transplant Surgeons, American Society of Transplantation, and the National Kidney
Foundation (discussed below). The AHA/ACC classifications of evidence to perform a test or
therapy is shown in table 4.

a. Determining whether the transplant candidate has an active cardiac condition

The primary goal of pre-operative evaluation is to determine whether potential transplant
candidates have any active cardiac condition both during the initial evaluation and immedi‐
ately before an anticipated transplantation procedure. “Active” cardiac conditions are defined
as unstable coronary syndromes (eg, unstable angina, severe angina, or recent myocardial
infarction (MI), decompensated heart failure, significant arrhythmias, and severe valvular
disease). The presence of one or more of these conditions is associated with high rates of
perioperative cardiovascular morbidity and mortality, hence delay or cancellation of the

Recurrence rates (%)
Graft loss from disease recurrence
(%)

FSGS 20-50 50

Ig A nephropathy 20-60 10-30

MPGN I 20-50 30-35

MPGN II 80-100 10-20

Membranous GN 3-30 30

HUS2 10-40 10-40

Anti-GBM disease 15-50 < 5

ANCA-associated 7-25 < 5

Vasculitis

SLE 3-10 < 5

FSGS: focal segmental glomerulosclerosis; MPGN: membranoproliferative glomerulonephritis; GN: glomerulonephrop‐
athy; HUS: hemolytic uremic syndrome; SLE: systemic lupus erythematosus.
1Only selected renal disease are listed.
2Diarrhea (+) HUS usually does not recur; Diarrhea (-) or familial may recur in 21-28%; Factor H or I mutation may recur
in 80% to 100%; Patients with mutation membrane cofactor protein does not have recurrence (reference Kasiske et
al., 2009)

Table 3. Rates of recurrent renal disease after transplantation and risk of graft loss from disease recurrence1
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surgical procedure may be required. The 2012 AHA/ACC guidelines recommend that a
thorough history and physical examination be performed in all patients preoperatively to
identify any active cardiac conditions (Class I; Level of Evidence C). In prospective transplant
candidates with chronic cardiac conditions, re-assessment of their cardiac status before surgery
may be necessary. The former is defined as chronic limiting angina, an MI that is < 30 days old
but without symptoms of unstable angina, prior history of coronary artery bypass graft
(CABG) or percutaneous coronary intervention (PCI), decompensated heart failure, moderate
valvular disease or prior valve surgey, or stable arrhythmias.

b. Noninvasive stress testing in kidney transplant candidates without active cardiac
conditions

The AHA/ACC recommend noninvasive stress testing in kidney transplant candidates with
no active cardiac conditions based on the presence of multiple CAD risk factors regardless of
functional status. Eight relevant risk factors among transplant candidates –as defined in the
Lisbon Conference report include: diabetes, prior cardiovascular disease, dialysis duration of
greater than 12 months, left ventricular hypertrophy, age > 60 years, smoking, hypertension,
and dyslipidemia (Abbud-Filho et al., 2007). Although the exact number of risk factors required
to initiate noninvasive stress testing has not been well defined, the AHA/ACC Committee
suggests that the presence of 3 or more risk factors should prompt further evaluation with
noninvasive stress testing (Class IIb; Level of Evidence C) (Lentine et al., 2012)

Noninvasive stress testing for CAD may be performed with exercise or with a pharmacological
agent, and gauged by electrocardiography (EKG) changes (exercise stress test), myocardial
perfusion distribution (myocardial perfusion imaging), or left ventricular wall motion (stress
echocardiogram). Myocardial perfusion studies (MPS) and dobutamine stress echocardiogram
(DSE) are more commonly used due to the frequent abnormalities detected on baseline EKGs
in patients with ESKD. In addition, dialysis patients may not be able to achieve an adequate
level of exercise during an exercise stress test because of their sedentary lifestyles. However,

Evidence Class: Magnitude of procedure/treatment effect

I Conditions for which there is evidence for and/or general agreement that the procedure/therapy is useful
and effective

II Conditions for which there is conflicting evidence and/or a divergence of opinion about the usefulness/
efficacy of performing the procedure/therapy

IIa Weight of evidence/opinion is in favor of usefulness/efficacy

IIb Usefulness/efficacy is less well established by evidence/opinion

III Conditions for which there is evidence and/or general agreement that the procedure/therapy is not useful/
effective and in some cases may be harmful

Evidence Level: Estimate of certainty (precision) of procedure/treatment effect

A Consistent direction and magnitude of effect from multiple randomized controlled trials

B Consistent retrospective cohort, exploratory cohort, ecological, outcome research, or case-control studies, or
extrapolation from level A studies

C Case-series studies or extrapolations from level B studies

Table 4. Evidence Grading
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it should also be noted that in ESKD patients both myocardial perfusion study (MPS) and DSE
have reduced sensitivity and specificity compared with that of the general population. In the
general population, abnormalities on myocardial perfusion study has been suggested to
correlate well with the presence of coronary artery disease (CAD) with mean weighted
sensitivity of 88% and specificity of 74% (Klocke et al., 2003). In patients with stage 5 CKD
(GFR < 15 ml/min or dialysis dependent) DSE and MPS have been reported to have sensitivities
ranging from 44% to 89%, and 29% to 92%, respectively, and specificities ranging from 71% to
94% and 67% to 89%, respectively, for identifying ≥ 1 coronary stenosis > 70% (Lentine et al.
2009, Lentine et al, 2012). Furthermore, abnormal MPS and DSE test results have not been
consistently shown to be associated with prognostic value for cardiac events and mortality in
ESKD patients. In a meta-analysis of 12 studies involving either thallium-201 scintigraphy or
DSE, Rabbat et al. demonstrated that ESKD patients with inducible ischemia had 6 times higher
risk of MI and 4 times higher risk of cardiac death than patients without inducible ischemia
(Rabbat et al., 2003). In contrast, in a small prospective study of 106 kidney transplant candi‐
dates clinically classified as moderate (age ≥50 years) or high (diabetes mellitus, extra-cardiac
vascular disease, or known CAD) coronary risk who underwent MPS, DSE, and coronary
angiography, De Lima et al. found that clinical risk stratification and coronary angiographic
findings of CAD (defined as ≥70% stenosis in ≥1 epicardial arteries by visual estimation by 2
observers) predicted major adverse cardiac events (MACEs) [defined as sudden death,
myocardial infarction, arrhythmia, heart failure, unstable angina, or revascularization] after a
median follow-up of 46 months but results of MPS and DSE did not predict MACEs (De Lima
et al., 2003).

Given the wide ranges of sensitivities and specificities of the MPS and DSE and the inconsistent
associations of angiographically defined CAD with subsequent survival in ESKD patients, the
AHA/ACC Writing Committee acknowledges that there are currently no definitive data to sup‐
port or refute screening for myocardial ischemia among potential kidney transplant candidates
without active cardiac conditions. However, it is recommended that until further data are avail‐
able, it may be useful to use aggregate CAD risk factors to target screening of patients with the
highest pretest probability of having significant CAD. Suggested algorithm for pretransplant
cardiac evaluation based on the 2012 AHA/ACC guidelines is shown in figure 1.

In general, high cardiac risk candidates should undergo a formal evaluation by cardiology. If
necessary, percutaneous coronary intervention or coronary bypass surgery and cardiac
rehabilitation should be performed prior to transplantation. If coronary intervention is
indicated, caution should be made especially if stenting is planned. The 2012 AHA/ACC
guidelines do not recommend transplant surgery within 3 months of bare metal stent (BMS)
and within 12 months of DES placement, particularly if the anticipated time of poststent dual
antiplatelet therapy will be shortened (Class III; level of Evidence B). Transplant surgery is
also not advisable in patients within 4 weeks of coronary revascularization with balloon
angioplasty (Clas III; Level of Evidence B) (Lentine et al., 2012).

In patients with established CVD or in those at risk for CV events, aggressive risk factor
modification and treatment per ACC/AHA guidelines (Pearson et al., 2002) are recommended.
The cardioprotective effects of statins, aspirin, ACE inhibitors, and/or β blockers have been
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All prospective transplant candidates

Thorough history and physical exam to identify active cardiac conditions

Active cardiac condition(s) present?
• Unstable coronary syndromes1

• Decompensated heart failure
• Significant arrhythmias
• Severe valvular disease

Yes No

Non-invasive stress test2 if > 3 risk factors:
• Diabetes
• Prior cardiovascular disease
• Dialysis duration > 12 months
• Left ventricular hypertrophy  (LVH)
• Age > 60
• Smoking
• Hypertension
• Dyslipidemia

Delay or cancel 
transplant

Normal stress test

Yes

List/Transplant

No

Coronary angiogram

Management per AHA/ACC guidelines; Cardiology referral

Abnormal

Normal

Figure 1. Suggested algorithm for pretransplant cardiac evaluation 

1Unstable coronary syndromes: unstable angina, severe angina, recent myocardial infarction
2Myocardial perfusion study or dobutamine stress echocardiogram (center specific).   

1Unstable coronary syndromes: unstable angina, severe angina, recent myocardial infarction
2Myocardial perfusion study or dobutamine stress echocardiogram (center specific).

Figure 1. Suggested algorithm for pretransplant cardiac evaluation
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well-described. Omega-3 fatty acid consumption from fish or fish oil has also been suggested
to confer a cardioprotective effect. If feasible, β1 cardioselective agents should be given several
weeks prior to a planned living donor renal transplant. This allows time to maximize the
efficacy of beta blockers and time to slowly titrate beta blockers, avoiding bradycardia and
hypotension. Avoidance of these adverse effects may decrease the risk of stroke and all-cause
mortality, leading to a positive net clinical benefit (Deveraeaux et al., 2008, Harte et al. 2008).

2.2.1. Biomarkers for cardiac risk assessment

In recent years, cardiac troponin T (cTnT) has been suggested to provide prognostic informa‐
tion in the cardiac evaluation of patients with ESKD. Independent investigators have demon‐
strated an association between increased levels of cardiac toponin T isoforms and all-cause
and cardiac death risk in asymptomatic patients with ESKD (Lentine et al., 2009, Khan et al.,
2005). In a study consisting of 644 wait-listed renal transplant candidates, Hickson et al.
demonstrated that increasing cTnT levels were associated with progressively reduced survival
independent of low serum albumin and history of stroke. The survival of patients with cTnT
levels between 0.01 and 0.03 ng/mL did not differ from that of patients with levels < 0.01
ng/mL. In contrast, cTnT levels between 0.03 and 0.09 ng/mL were associated with significantly
increased mortality (hazard ratio, HR=3.01, p=0.040). Notably, mortality was further increased
in patients with cTnT levels >0.1 ng/mL (HR=4.085, p=0.009) whereas in patients with normal
cTnT, excellent survival was achieved independent of other risk factors (Hickson et al., 2008).
The 2012 AHA/ACA guidelines support the use of cTnT level at the time of evaluation for
kidney transplantation as an additional prognostic marker (Class IIb; Level of Evidence B)
(Lentine et al., 2012). However, the routine use of cTnT as adjunctive tools in cardiac risk
assessment in renal transplant candidates remains to be studied.

2.3. Nonischemic cardiomyopathy

Patients with CKD frequently suffer from nonischemic cardiac abnormalities including left
ventricular hypertrophy (LVH), left ventricular dilatation, left ventricular systolic and/or
diastolic dysfunction. Renal transplantation has variably been shown to improve left ventric‐
ular dysfunction and ameliorate LVH (Zolty et al., 2008). Hence, the presence of such abnor‐
malities does not necessarily preclude transplantation. Nonetheless, patients with an ejection
fraction of 40% are considered moderate to high risk candidates and warrant a formal
Cardiology consultation. An ejection fraction below 40% generally precludes transplantation.
It is our practice to refer these patients to Cardiomyopathy Center for further diagnostic and
therapeutic interventions. The presence of advanced irreversible cardiomyopathy is a contra‐
indication to solitary kidney transplantation and patients should be referred for possible
combined kidney-heart transplantation.

2.4. Peripheral vascular disease

Patients with a history of transient ischemic attacks or cerebrovascular accidents should under‐
go carotid Doppler studies. Duplex ultrasonography may be considered in asymptomatic pa‐
tients with symptomatic peripheral arterial disease (PAD), CAD, or atherosclerotic aortic
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aneurysm (Class IIb). Patients without clinical evidence of atherosclerosis may also be screened
if they have 2 or more risk factors including hypertension, hyperlipidemia, cigarette smoking,
family history of atherosclerosis manifested before age 60 in a first-degree relative, or family
history of ischemic stroke (Class IIb). It is also reasonable to screen asymptomatic patients with
a carotid bruit (Class IIa). Lastly, asymptomatic patients with known or suspected carotid ar‐
tery disease are recommended to undergo duplex ultrasonography studies (Class I) (Lentine et
al., 2012). Evidence of significant stenosis requires vascular surgery consultation. If necessary,
carotid endarterectomy should be performed prior to transplantation and patients should be
symptom free for at least six months prior to transplantation. For those with milder carotid dis‐
ease, neurology consultation and optimal medical management may be sufficient.

Peripheral vascular disease is present in a significant number of renal transplant recipients
and is associated with increased morbidity and mortality. Vascular imaging with either a
Doppler ultrasound, computed tomography (CT) scan or magnetic resonance angiography
(MRA) of the pelvic vasculature is indicated in patients with a history of claudication and/or
signs of diminished peripheral arterial pulses (particularly in diabetics) on physical exam.
Our single-center experience reveals that in asymptomatic patients with diminished pedal
pulses but good femoral pulses, screening has not resulted in intervention in any cases. An‐
giogram should be considered if noninvasive studies suggest the presence of large-vessel
disease. Significant aortoiliac disease requires evaluation by the surgical transplant team
and may preclude transplantation.

In transplant candidates with autosomal dominant polycystic kidney disease, screening for
intracranial aneurysm with either CT scan or MRA is probably warranted in all patients
with a history of headaches, stroke and/or family history of intracranial aneurysm or cere‐
brovascular accident.

2.5. Infections

All patients should be assessed for common latent or active infections and questioned for a his‐
tory of infectious exposures. Active infections including diabetic foot ulcers and osteomyelitis
must be fully treated prior to transplantation. A prior history of tuberculosis or untreated tuber‐
culosis exposure requires appropriate posttransplant prophylactic therapy. Patients with an es‐
tablished history of systemic coccidioidomycosis or histoplasmosis or those from an endemic
area should undergo appropriate antibody testing. In addition, these patients should be in‐
formed of possible disease reactivation with immunosuppressive therapy and indefinite post‐
transplant azole prophylactic therapy. A history of immunization should also be obtained to
assure adequate immunizations for common infections prior to transplantation (e.g. hepatitis
B, pneumovax, and other standard immunization appropriate for age). Immunization update is
mandatory for those who have undergone surgical splenectomy. Up-to-date recommendations
for routine adult immunizations are available through the Centers for Disease Control and Pre‐
vention website www.cdc.gov/vaccines/schedules/downloads/adult/adult-schedule.pdf. Ide‐
ally, all potential transplant candidates should complete all recommended immunizations at
least 4 to 6 weeks before transplantation to achieve optimal immune response and to minimize
the possibility of live vaccine-derived infection in the posttransplant period. Household mem‐
bers, close contacts, and health care workers should also be fully immunized.
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Infection with influenza A (H1N1) virus has emerged as an important cause of morbidity and
mortality in the general and dialysis population worldwide. More importantly, infected
patients on chronic dialysis treatment were found to have a 10-fold higher mortality rate
compared to the general population (Marcelli et al., 2009). Recipients of solid organ transplants
have also been suggested to be at risk for more severe disease (Kumar et al., 2010). In a
multicenter cohort study consisting of 237 adult and pediatric solid organ transplant recipients
with microbiological-confirmed influenza A H1N1 infection, 71% required hospitalization.
Among 230 patients for whom data on complications were available, 32% had pneumonia,
16% were admitted to the intensive care units, and ten (4%) died.(Kumar et al., 2010) Hence,
unless contraindicated, influenza A (H1N1) vaccine should be considered in all prospective
transplant candidates.

Hepatitis B antigenemia does not preclude transplant candidacy. However, patients should
be referred for a liver biopsy to assess the severity of liver disease because liver enzymes may
be spuriously normal despite necroinflammatory changes on biopsy (Fabrizi et al., 2010).
Transplant candidacy should be based on both liver histology and serologic evidence of HBV
replication (i.e. HBV DNA and HBeAg positivity). In transplant candidates with active HBV
replication, antiviral therapy should be initiated pretransplantation. The presence of histolog‐
ically mild liver disease does not preclude transplantation. However, patients should be
forewarned that the introduction of immunosuppressive therapy in the posttransplant period
can lead to progression of liver disease even in patients with histologically mild disease before
transplantation. All patients with HBV should be placed on antiviral therapy after transplan‐
tation to prevent HBV reactivation and replication and progression of liver disease. Similar to
HBV infection, liver biopsy is essential in the evaluation of transplant candidate with HCV
because clinical and biochemical findings are unreliable indicators of the severity of liver
disease in the dialysis population. The presence of minimal to mild chronic hepatitis (stages I
and II) does not preclude transplantation. Pretransplantation antiviral treatment should be
considered to prevent the progression of liver disease and protect the graft against HCV-
related glomerulonephritis (Fabrizi et al., 2010). It should be noted that there is currently no
effective treatment for chronic hepatitis C in renal transplant recipients. Although treatment
with interferon-α may result in clearance of HCV RNA in 25-50% of cases, rapid relapse
following drug withdrawal is nearly universal. More importantly, interferon-α treatment has
been shown to precipitate acute allograft rejection and graft loss and is currently not routinely
recommended for renal transplant recipients with HCV infection. The use of interferon-α
should be individualized at the discretion of the transplant nephrologist and hepatologist.
Studies evaluating interferon-free regimens are currently underway (Yee et al., 2012). Hepatitis
C positive transplant candidates should be given the option of receiving a HCV-positive donor
kidney which may reduce deceased donor kidney waiting time considerably.

Histological evidence of liver cirrhosis has been regarded as a contraindication to solitary
kidney transplantation due to the risk of frank hepatic decompensation after transplantation
as a consequence of immunosuppression. However, recent studies suggest that kidney alone
transplant may be safe in end stage kidney disease (ESKD) patients with compensated hepatitis
C (HCV) cirrhosis and hepatic portal venous gradient (HPVG) of less than 10 mmHg. In a
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aneurysm (Class IIb). Patients without clinical evidence of atherosclerosis may also be screened
if they have 2 or more risk factors including hypertension, hyperlipidemia, cigarette smoking,
family history of atherosclerosis manifested before age 60 in a first-degree relative, or family
history of ischemic stroke (Class IIb). It is also reasonable to screen asymptomatic patients with
a carotid bruit (Class IIa). Lastly, asymptomatic patients with known or suspected carotid ar‐
tery disease are recommended to undergo duplex ultrasonography studies (Class I) (Lentine et
al., 2012). Evidence of significant stenosis requires vascular surgery consultation. If necessary,
carotid endarterectomy should be performed prior to transplantation and patients should be
symptom free for at least six months prior to transplantation. For those with milder carotid dis‐
ease, neurology consultation and optimal medical management may be sufficient.

Peripheral vascular disease is present in a significant number of renal transplant recipients
and is associated with increased morbidity and mortality. Vascular imaging with either a
Doppler ultrasound, computed tomography (CT) scan or magnetic resonance angiography
(MRA) of the pelvic vasculature is indicated in patients with a history of claudication and/or
signs of diminished peripheral arterial pulses (particularly in diabetics) on physical exam.
Our single-center experience reveals that in asymptomatic patients with diminished pedal
pulses but good femoral pulses, screening has not resulted in intervention in any cases. An‐
giogram should be considered if noninvasive studies suggest the presence of large-vessel
disease. Significant aortoiliac disease requires evaluation by the surgical transplant team
and may preclude transplantation.

In transplant candidates with autosomal dominant polycystic kidney disease, screening for
intracranial aneurysm with either CT scan or MRA is probably warranted in all patients
with a history of headaches, stroke and/or family history of intracranial aneurysm or cere‐
brovascular accident.

2.5. Infections

All patients should be assessed for common latent or active infections and questioned for a his‐
tory of infectious exposures. Active infections including diabetic foot ulcers and osteomyelitis
must be fully treated prior to transplantation. A prior history of tuberculosis or untreated tuber‐
culosis exposure requires appropriate posttransplant prophylactic therapy. Patients with an es‐
tablished history of systemic coccidioidomycosis or histoplasmosis or those from an endemic
area should undergo appropriate antibody testing. In addition, these patients should be in‐
formed of possible disease reactivation with immunosuppressive therapy and indefinite post‐
transplant azole prophylactic therapy. A history of immunization should also be obtained to
assure adequate immunizations for common infections prior to transplantation (e.g. hepatitis
B, pneumovax, and other standard immunization appropriate for age). Immunization update is
mandatory for those who have undergone surgical splenectomy. Up-to-date recommendations
for routine adult immunizations are available through the Centers for Disease Control and Pre‐
vention website www.cdc.gov/vaccines/schedules/downloads/adult/adult-schedule.pdf. Ide‐
ally, all potential transplant candidates should complete all recommended immunizations at
least 4 to 6 weeks before transplantation to achieve optimal immune response and to minimize
the possibility of live vaccine-derived infection in the posttransplant period. Household mem‐
bers, close contacts, and health care workers should also be fully immunized.
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single center study consisting of 37 kidney alone HCV positive transplant recipients (n=9 with
cirrhosis and n= 28 with no cirrhosis), none developed decompensation of their liver disease
at 3-year follow-up although one patient in the non-cirrhosis group developed metastatic
hepatocellular carcinoma 16 months after transplantation. One- and three-year graft survival
rates were 75% and 75% vs. 92.1% and 75.1% for the cirrhosis and non-cirrhosis groups,
respectively (P=0.72). The corresponding one- and three-year patient survival rates were 88.9%
and 88.9% vs. 96.3% and 77.9%, respectively (P=0.76). Only recipient age and decreasing
albumin levels were significantly associated with worse graft and patient survival. The authors
concluded that kidney alone transplant may be safe in ESKD patients with compensated HCV
cirrhosis and HPVG of less than 10 mmHg. (Paramesh et al., 2012). While limited studies
suggest that combined liver-kidney transplant may be unnecessary in ESKD patients with
compensated HCV cirrhosis and HPVG of less than 10 mmHg, patients with decompensated
liver cirrhosis should be referred for combined liver-kidney transplant.

Infections with the human immunodeficiency virus (HIV) was once considered a contraindi‐
cation to transplantation due to early report of serious infectious complications and death
following HIV infection transmitted from a transplanted organ or inadvertent transplantation
of HIV-infected patients. However, with the advent of highly effective highly active antire‐
troviral agents (HAART) regimen, there have been changing views regarding transplantation
in HIV positive patients. Currently, a number of transplant centers would consider transplan‐
tation in stable HIV patients, defined as those with an undetectable HIV viral load, CD4
lymphocyte count greater than 300/mm3, and absence of opportunistic infections in the
previous year. Specific recommendations may vary from center to center and a formal
consultation with infectious disease is recommended.

2.6. Malignancy

Transplant recipients are at greater risk of developing both de novo and recurrent malignancy
due to the use of immunosuppressants. As the incidence of malignancy increases with the
intensity and duration of immunosuppression, a history of immunosuppressive therapy for
the native kidneys represents an added risk for posttransplant malignancy. For patients who
have had a history of malignancy, consultation with oncology is advisable. Table 5 provides
the general guidelines for minimum tumor-free waiting periods for common malignancies.
Among the pre-transplant treated cancers, the highest recurrence rates have been observed
with multiple myeloma (67%), non-melanoma skin cancers (53%), bladder carcinomas (29%),
sarcomas (29%), symptomatic renal cell carcinomas (27%), and breast carcinomas (23%) (Penn
I, 1997). In an analysis of the Israel Penn International Transplant Tumor Registry involving
90 patients with a history of pretransplant prostate adenocarcinoma (77 renal, 10 heart, and 3
liver transplant recipients), prostate cancer recurrences were shown to be related to the stage
of disease at initial diagnosis (Woodle et al., 2005). Tumor recurrence rates were 14%, 16%, and
33% for stage I, II, and III diseases, respectively. Hence, a longer waiting time may be necessary
for more advanced disease. Most transplant centers adhere to standard cancer surveillance
appropriate for age for all transplant candidates although the utility of such screening has been
challenged by experts in the field (Danovitch GM, 2003).
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Of note, studies in end-stage kidney disease (ESKD) patients treated by dialysis or transplan‐
tation, and in patients with HIV/AIDS suggest that cancers can be categorized into ESKD-
related, immune deficiency-related, not related to immune deficiency or of uncertain status.
ESKD-related cancers include kidney, urinary tract, thyroid and multiple myeloma (Steward
et al., 2008). Hence screening for malignancy in adult kidney transplant candidates should
focus on kidney and urinary tract particularly in dialysis-dependent ESKD patients. Serum
immunofixation electrophoresis should be performed in all transplant candidates older than
60 years of age. Chronic hepatitis B and C infected individuals should be screened for liver
cancer. Although thyroid carcinoma has been observed at increased frequency in dialysis
patients compared with the general population, thyroid ultrasound is not part of routine
pretransplant screening. It has been suggested that regular thyroid ultrasound is justified in
dialysis patients although there have been no studies to confirm or refute this recommendation.
Therefore, screening prospective renal transplant candidates for thyroid cancer should be done
at the discretion of the clinicians. All suitable renal transplant candidate should have a baseline
renal ultrasound to screen for renal neoplasm (discussed further under urologic evaluation).

Most tumors: wait time ≥2 years

No waiting time if cure at the time of transplantation

Incidental renal cell carcinoma

In situ carcinoma of bladder

In situ carcinoma of cervix

Basal cell carcinoma

Squamous cell carcinoma (skin) 2,3

Waiting time ≥2-5 years2

Melanoma2,,4 5 yrs

Wilms tumor 2 yrs

Renal cell carcinoma 2 yrs if < 5cm

5 yrs if > 5 cm

Breast carcinoma5 2-5 yrs

Lymphoma 2-5 yrs

Colorectal carcinoma 2-5 yrs

Invasive bladder 2 yrs

Uterine body 2 yrs

Invasive cervical carcinoma 2-5 yrs

1Certain cancers may recur despite a tumor-free waiting period.
2Oncology evaluation or consultation with the Israel Penn International Transplant Tumor Registry at www.ipittr.org
may be invaluable
3Surveillance
4In situ melanoma may require a shorter waiting period of 2 years (dermatology consultation is probably warranted)
5Early in situ (eg ductal carcinoma in situ) may only require 2-year wait. Individuals with advanced breast cancer (stage
III or IV) should be advised against transplantation

Table 5. Malignancy and renal transplantation1,2
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2.7. Specific gastrointestinal evaluation

There has been no consensus on whether all asymptomatic renal transplant candidates should
be screened for cholelithiasis. Screening is warranted, however, in diabetics and patients with
a history of cholecystitis. Pretransplant cholecystectomy is recommended for these patients if
there is evidence of cholelithiasis due to the increased risk of life-threatening cholecystitis after
transplantation.

2.8. Hypercoagulable states

Thrombophilia generally does not preclude transplantation but does mandate the initiation of
preventive strategies to reduce thrombotic complications and early graft loss. All transplant
candidates should have routine coagulation studies performed. In high-risk candidates such
as those with a previous history of thrombotic events including recurrent thrombosis of
arteriovenous grafts and fistulas, positive family history of thrombosis, or history of recurrent
miscarriage in female transplant candidates, a more extensive hypercoagulability profile
should be performed. These may include screening for activated protein C resistance ratio or
factor V Leiden mutation, factor II 20210 gene mutation, antiphospholipid antibody, lupus
anticoagulation, protein C or protein S deficiency, antithrombin III deficiency, and homocys‐
teine levels. It is our center practice to screen for lupus anticoagulant and antiphospholipid
antibodies in all renal transplant candidates with systemic lupus erythematosous (Pham et al.,
2010). It should be noted that although a prior history of thromboembolism does not preclude
transplantation, a history of extensive venous thrombosis that involve the inferior vena cava,
iliac vein or both may contraindicate transplantation and warrants evaluation by the surgical
transplant team.

There has been no consensus on the optimal management of recipients with abnormal
hypercoagulability profile. However, unless contraindicated, perioperative and/or postoper‐
ative prophylactic anticoagulation should be considered, particularly in patients with a prior
history of recurrent thrombotic events. Transplant of pediatric en bloc kidneys into adult
recipient with a history of thrombosis should probably be avoided. The duration of anticoa‐
gulation has not been well defined, but lifelong anticoagulation should be considered in high-
risk candidates (Pham et al., 2010).

2.9. Urologic evaluation

All renal transplant candidates on dialysis should be imaged with a renal ultrasound, CT, or
MRI to evaluate for acquired cystic kidney disease and associated renal cell carcinoma.
Although there has been no consensus on the frequency of screening for renal neoplasms in
wait-listed patients, the frequency of screening should follow the guidelines set forth for
dialysis patients. If there is no evidence of acquired cystic kidney disease at initial screening,
repeat ultrasound can be done annually or biannually (Eitner et al., 2010). Annual screening
in patients who have been on dialysis for three to five years has been advocated (Chapman et
al. 2011).. Urinalysis and urine cultures should be performed in all patients with significant
residual urine volume. Transplant candidates with a history of recurrent urinary tract
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infections, voiding symptoms, or end stage renal disease secondary to congenital or genito‐
urinary abnormalities should undergo a voiding cystourethrogram (VCUG). Persistent
hematuria or sterile pyuria may warrant endoscopic evaluation and/or retrograde pyelogra‐
phy. Urodynamic studies may be helpful in patients with a history of lower urinary tract
dysfunction and/or urinary incontinence. Patients with bladder dysfunction secondary to
neurogenic bladder or chronic infections can often be managed without urinary diversion. In
continent patients with lower urinary tract dysfunction, intermittent self-catheterization is a
safe and effective alternative to urinary diversion. However, a formal urologic evaluation and
patient education during the initial transplant evaluation process is mandatory. Augmentation
cystoplasty or urinary diversion procedures may be necessary in patients in whom simple
reimplantation into a dysfunctional bladder is not an option. Male transplant candidates with
sufficient urine volume and symptoms of outflow tract obstruction due to benign prostatic
hypertrophy should undergo prostate resection before transplantation, whereas in anuric
patients, the procedure should be postponed until after a successful renal transplant.

2.10. Specific urologic considerations: Pretransplant nephrectomy

For most patients with autosomal dominant polycystic kidney disease (ADPKD) pretransplant
nephrectomy is not routinely recommended. However, unilateral or bilateral pretransplant
nephrectomy(ies) may be necessary for those with massively enlarged kidneys, recurrent
infection, bleeding, and/or intractable pain. Table 6 lists the special indications for pretrans‐
plant native nephrectomy. Generally, a minimum of six weeks after nephrectomy is recom‐
mended prior to transplantation. For transplant candidates who undergo preemptive
transplantation from a living donor, simultaneous native nephrectomy and transplantation
may be performed.

Absolute indications

Chronic renal parenchymal infection

Recurrent infected stones

Reflux or obstructive megaureter complicated by infection or stone formation

Polycystic kidney disease1

Heavy proteinuria

Relative indications

Intractable hypertension2

Acquired renal cystic disease3

1Indicated for massively enlarged kidneys, recurrently infected or bleeding, intractable pain

2Should be individualized

3When there is suspicion for adenocarcinoma

Table 6. Indications for pretransplant native nephrectomy
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3. Evaluation of risk factors related to specific patients’ characteristics

3.1. Advanced age

There is no arbitrary age limit for transplantation. The United Network for Organ Sharing/
Organ Procurement Transplantation (UNOS OPTN) database revealed that the number of
kidney transplants performed in patients ≥ 65 has more than tripled over the last decade
(ww.unos.org). Similar to the younger population, transplantation in the older age group of
60 to 74 years has been shown to improve survival compared to their wait-listed counterparts.
Graft loss from rejection is lower in older compared to younger recipients presumably due to
the decreased immune responsiveness in the aged population. It must be noted, however, that
older transplant recipients are at increased risks for infectious complications, malignancy
related to immunosuppression, and deaths in the early posttransplant period, most often as a
consequence of cardiovascular disease.

Although advanced age per se has not been regarded as contraindication to transplantation,
kidney transplantation among recipients over 80 years of age is uncommonly performed.
Analysis of the UNOS/OPTN database revealed that of the transplants performed between
2000 and 2007 in recipients ≥ 60 years of age, only 0.6% were older than 80 years of age. For
statistical analysis purposes, patients were divided into three age groups, 60-69, 70-79, and >
80 years with recipients aged 60-69 years used as reference. Median ages for recipients aged
60-69, 70-79, and > 80 years were 64, 72, and 81 years, respectively. Most of the differences were
seen between recipients aged 60-69 and > 80 years. The rates of living donor transplants were
lower in recipients > 80 years compared to 60-69 years (18% vs. 32%, respectively). The acute
rejection rate at 1-year among recipients > 80 years was comparable to that of recipients 60-69
years of age. Three-year patient survival was significantly lower in recipients older than 80
years compared to recipients aged 60-69 years (64% vs. 84%, respectively) with an unadjusted
relative risk of death of 2.35 (95% CI 1.83-3.03). However, graft survival was excellent and did
not differ significantly between the two groups (88% vs. 90%) (Poommipanit et al., 2010).
Hence, the assessment of transplant candidacy for patients over 80 years of age remains a
challenge for transplant physicians. Screening for covert cardiovascular disease and occult
malignancy, and careful assessment of infectious risk in older prospective transplant candi‐
dates are crucial and mandatory.

Currently, the waiting time for a deceased donor transplant in the United States is such that
many wait-listed older transplant candidates die while awaiting transplantation from a
standard deceased donor kidney. Furthermore, the duration of pretransplant dialysis has been
shown to confer a significant and progressive increase in the risk of death-censored graft loss
and the risk for patient death after transplantation. Compared with preemptive renal trans‐
plantation, waiting time of 0-6 months, 6-12 months, 12-24 months, and over 24 months
conferred a 17%, 37%, 55%, and 68% increase risk for death-censored graft loss after trans‐
plantation, respectively (Meier-Kriesche et al., 2000). Similarly, mortality risk after transplan‐
tation was significantly increased with increasing waiting time on dialysis. It is our center
practice to offer the expanded criteria donor (ECD) program to all candidates 50 years of age
or older. Patients should be informed that candidates for ECD kidneys are simultaneously
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listed for a standard and ECD kidney. Although living donor kidneys offer older transplant
candidates the best chance of meaningful improved survival and quality of life, older patients
are often reluctant to accept living donor kidneys from their children or grandchildren. These
issues must be discussed with patients and their families with particular care and compassion
to optimize the chance of a satisfactory outcome. Nonetheless, it should be noted that extreme
recipient-donor age pair (e.g recipient > 80 years and donor aged 20-30 years) may represent
a great challenge for the clinicians as well as patients and their families.

3.2. Obesity

Obesity is considered a contraindication to transplantation by some centers as it is associated
with increased risks of posttransplant complications including delayed graft function, surgical
wound infection, and death, particularly from cardiovascular disease. Although there has been
no consensus on an acceptable upper limit body mass index (BMI), weight reduction to a BMI
of 30-35kg/m2 or less prior to transplantation is recommended. Morbidly obese candidates may
benefit from surgery referral for gastric bypass surgery or gastric banding procedure, or more
recently, laparoscopic sleeve gastrectomy. However, it should be noted that there has been
limited data on the safety and efficacy of bariatric surgery (BS) in renal transplant candidates.
The USRDS registry data (1991-2004) demonstrated a median excess body weight loss of
31%-61% after bariatric surgery, with thirty-day mortality rate of 3.5% (72 were performed on
pre-listed, 29 on waitlisted, and 87 on posttransplant patients). One graft was lost within 30
days after BS. (Modanlou et al. 2009). The authors concluded that although peri-operative
mortality was not negligible, the rate may be lower with experienced surgeons and comparable
to trials involving patients without kidney disease.

Data on patient and graft survival in obese versus non-obese transplant recipients are variable
and contradictory. Determination of transplant candidacy in obese patients should, therefore,
be assessed on an individual basis rather than reliance on an absolute BMI index. Obese
candidates with comorbid conditions such as known coronary artery disease and advanced
age are at particularly high risk and may fare better receiving dialysis.

3.3. Managing the wait-list candidates

Whereas the number of patients on the transplant waiting list has steadily increased, the
number of deceased donor kidneys has remained far below the growing need, leading to longer
waiting time and increased wait-list deaths. Hence, managing the wait-list has been one of the
greatest problems facing transplant centers. Periodic reassessment of transplant candidates’
medical and psychosocial issues entails ongoing communication between the dialysis units,
patients, and transplant coordinators and transplant programs. In the event of a significant
intercurrent illness that may necessitate delisting or placing candidates on hold, pertinent
medical records should be obtained and reviewed by a transplant physician. If necessary,
patients must be seen to reassess their candidacy. Most transplant programs attempt to see
transplant candidates on an annual basis to update their overall heatlh and demographic issues
although older candidates may require more frequent visits at the discretion of the transplant
physician. During the follow-up visit, routine health maintenance status and cancer screening
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shown to confer a significant and progressive increase in the risk of death-censored graft loss
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plantation, waiting time of 0-6 months, 6-12 months, 12-24 months, and over 24 months
conferred a 17%, 37%, 55%, and 68% increase risk for death-censored graft loss after trans‐
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candidates the best chance of meaningful improved survival and quality of life, older patients
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issues must be discussed with patients and their families with particular care and compassion
to optimize the chance of a satisfactory outcome. Nonetheless, it should be noted that extreme
recipient-donor age pair (e.g recipient > 80 years and donor aged 20-30 years) may represent
a great challenge for the clinicians as well as patients and their families.

3.2. Obesity

Obesity is considered a contraindication to transplantation by some centers as it is associated
with increased risks of posttransplant complications including delayed graft function, surgical
wound infection, and death, particularly from cardiovascular disease. Although there has been
no consensus on an acceptable upper limit body mass index (BMI), weight reduction to a BMI
of 30-35kg/m2 or less prior to transplantation is recommended. Morbidly obese candidates may
benefit from surgery referral for gastric bypass surgery or gastric banding procedure, or more
recently, laparoscopic sleeve gastrectomy. However, it should be noted that there has been
limited data on the safety and efficacy of bariatric surgery (BS) in renal transplant candidates.
The USRDS registry data (1991-2004) demonstrated a median excess body weight loss of
31%-61% after bariatric surgery, with thirty-day mortality rate of 3.5% (72 were performed on
pre-listed, 29 on waitlisted, and 87 on posttransplant patients). One graft was lost within 30
days after BS. (Modanlou et al. 2009). The authors concluded that although peri-operative
mortality was not negligible, the rate may be lower with experienced surgeons and comparable
to trials involving patients without kidney disease.

Data on patient and graft survival in obese versus non-obese transplant recipients are variable
and contradictory. Determination of transplant candidacy in obese patients should, therefore,
be assessed on an individual basis rather than reliance on an absolute BMI index. Obese
candidates with comorbid conditions such as known coronary artery disease and advanced
age are at particularly high risk and may fare better receiving dialysis.

3.3. Managing the wait-list candidates

Whereas the number of patients on the transplant waiting list has steadily increased, the
number of deceased donor kidneys has remained far below the growing need, leading to longer
waiting time and increased wait-list deaths. Hence, managing the wait-list has been one of the
greatest problems facing transplant centers. Periodic reassessment of transplant candidates’
medical and psychosocial issues entails ongoing communication between the dialysis units,
patients, and transplant coordinators and transplant programs. In the event of a significant
intercurrent illness that may necessitate delisting or placing candidates on hold, pertinent
medical records should be obtained and reviewed by a transplant physician. If necessary,
patients must be seen to reassess their candidacy. Most transplant programs attempt to see
transplant candidates on an annual basis to update their overall heatlh and demographic issues
although older candidates may require more frequent visits at the discretion of the transplant
physician. During the follow-up visit, routine health maintenance status and cancer screening
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appropriate for age and gender such as prostate specific antigen, mammography, pap smear,
and colonoscopy are also reviewed. Although recommendations for cardiac surveillance of
waitlisted patients varies among transplant centers, most transplant programs advocate
annual cardiac screening in diabetic transplant candidates. In addition to reassessing pa‐
tients’medical status, the availability of living donors should be re-addressed. Currently, in an
effort to maximize the utilization of living kidney donors, our program has implemented an
algorithm to evaluate crossmatch positive and ABO-incompatible donor-recipient pairs.
Patients are advised of living donor options including paired exchange transplantation,
positive crossmatch and ABO incompatible transplantation through desensitization protocols,
and living donor kidney exchange for both ABO-incompatible and crossmatch positive donor-
recipient combinations. Discussion of this topic is beyond the scope of this chapter. For older
transplant candidates, the advantages and disadvantages of expanded criteria donor kidney
transplantation should be addressed. Finally, effective communication between patients’pri‐
mary nephrologists and transplant centers is invaluable in permitting wait-listed transplant
candidates to be at their optimal medical health when a deceased donor kidney becomes
available.
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1. Introduction

At the end-stage of renal failure, the best option for treatment is kidney transplantation, before
starting any form of dialysis. The scarcity of organs from cadaveric donors and the comorbidity
of the receptors patients, delay this treatment from being routinely performed prior to dialysis.
Living-donor kidney transplantation can meet this objective perfectly, since it does not depend
on waiting lists imposed by cadaveric donation [1]. In recent years, the expansion of genetically
unrelated living donation has facilitated living-donor kidney transplantation as spouses,
distant relatives, and even good friends have increased the pool of potential living donors. The
living-donor transplants offer better survival than those of cadaveric-donor transplants,
despite of HLA compatibility [2, 3].

For cadaver’s donors, cause of brain death, age, plasma levels of creatinine and hemodynamic
stability are the main factors for evaluating a potential donor. In contradistinction, the imaging
methods constitute the initial assessment of the living donor in the kidney transplantation,
with special attention to the kidneys (size, structure, lithiasis, arterial blood flow) and pelvis
anatomy. The abdominal Color Doppler ultrasound, computed tomography (CT), selective
kidney arteriography and Magnetic Ressonance (MR) with three-dimensional reconstruction
and excretory phase study provide an anatomical assessment of the arterial vascularization
(identification of the main artery, accessory or aberrant arteries or early divisions) of the venous
system (number, situation, size and anatomic abnormalities) and the kidney parenchyma with
the variations of collecting duct system, helping to choose the most appropriate organ to be
removed [4, 5].
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Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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In the postoperative phase, many kinds of images methods (ultrasound, scintigraphy, CT and
MR) may help in early diagnosis of complications, as described below. In this chapter we
review the usual image evaluation techniques in kidney transplantation.

2. Imaging methods

2.1. Ultrasonography

Ultrasonography (US) is the first choice for evaluating kidney allograft either in acute,
immediate post-transplantation period or in the long-term follow-up [6, 7]. US is non-invasive,
innocuous and due to its availability has a key hole when assessing complications of any nature
in renal transplants. As the transplanted kidney usually lies in a superficial position in the iliac
fossa, it is possible to use high-frequency transducers enabling images of high spatial resolu‐
tion. In addition, the ability of Color Doppler (CD) and Power Doppler (PD) to investigate
blood flow helps to make the diagnosis of the most common functional complications as
rejection acute tubular necrosis [8, 9].

2.2. Magnetic resonance imaging

When additional imaging is required, generally because the sonographic findings were
indeterminate, Magnetic Resonance Imaging (MRI) emerges as the problem-solving method
in kidney transplantation [10, 11]. MRI has several advantages when compared to Computed
Tomography (CT); it has no ionizing radiation and the main contraindication to this method
is the use of cardiac pacemakers. MRI has the highest contrast resolution among all imaging
methods and is able to produce angiographic images (MR angiography) without the use of
contrast media. And, when necessary the contrast media for MRI, Gadolinium-based salts, are
safer than iodinated contrast media used in CT [12, 13]. In addition, the MRI technique to study
the collecting system based on T2-weighted images, MR urography, has been used as an
alternative to intravenous urography (IVU) and CT [14].

After initial concerning about the possible relation between gadolinium salts and Systemic
Nephrogenic Fibrosis [15, 16], there is a consensus that some Gadolinium-based contrast media
(GBCM), more stable, may be used in patients with depressed renal function, as long as
recommendations regarding type and doses of contrast media were respected [17, 18]. The
only absolute contraindication that still persists for GBCM is patients in a regular scheme of
peritoneal dialysis [18].

2.3. Computed Tomography

Computed Tomography (CT) is scarcely used to evaluate kidney transplants, because MRI
covers all the possible indications for CT, without ionizing radiation and the use of nephrotoxic
contrast media [19]. Although CT angiography has great spatial resolution, this technique
should be avoided whenever possible, due to the potential nephrotoxicity of iodinated
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contrast. CT will play a major role for evaluation potential donors for living transplantation
as will be described later on in this chapter [20].

2.4. Digital Subtraction Angiography

Digital Subtraction Angiography (DSA) was commonly used to investigate vascular compli‐
cations, e.g. renal artery transplant stenosis, suspected by US and is still considered the gold
standard for such diagnoses [7, 21]. However, nowadays, with the possibility of using non-
invasive methods with high accuracy for diagnosing vascular complications, such as MR
angiography, DSA is practically reserved for therapeutic purposes only. The ability to guide
minimally invasive procedures, as angioplasty and stenting of vascular stenosis makes DSA
the ideal method to assess post-transplant patients avoiding more aggressive surgical proce‐
dures [21].

3. Radionuclides imaging

Functional imaging methods based on nuclear medicine, such as the dynamic renal study
which use glomerular filtration agents and tubular secretion agents, are useful and routinely
used tools for evaluation of renal transplants. Glomerular agents (99mTc-DTPA) are considered
to be ideal ones, since glomerular filtration is defined as the main reflex of renal function and
their mechanism of extraction occur through the process of ultrafiltration driven by Starling
forces in the glomeruli. The most important regulatory mechanisms in glomerular filtration
are renal blood flow and the peripheral vascular resistance of afferent and efferent glomerular
arterioles. The normal distribution of these renal agents is intravascular, and they are elimi‐

Figure 1. DTPA renal scintigraphy. Phase of preserved arterial blood flow.
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nated by the renal parenchyma and excreted through the urinary pathways. The acquisition
protocol involves the capture of sequential images within a short time interval immediately
after the venous administration of the glomerular agent, providing information about renal
perfusion (Figure 1), and of sequential images over a more prolonged period of time in order
to obtain information about glomerular filtration and urine formation (Figure 2A). Semiquan‐
titative analysis is performed based on the curves of the radioisotope renogram. These curves
are obtained by drawing areas of interest in the kidneys and then tracing time count curves
(Figure 2B).

(A) 

(B) 

Figure 2. (A) and (B): 99mTc-DTPA renal scintigraphy. Normal functional phase and renographic curve.
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4. Post-transplant evaluation

4.1. Normal

Imaging methods are frequently used in patients with kidney transplantation, even when
clinical parameters and laboratorial tests indicate a good evolution. As US is very sensitive,
innocuous, and largely available, most of centers for renal transplantation include, at least, one
US exam in the immediate prost-transplant period to detect possible subtle complications that
otherwise could remain undetected until more severe symptoms [6, 22]. As mentioned early,
US is performed with high frequency transducers, using scanners with Color and Power
Doppler techniques.

The appearance of transplant kidney is quite similar to the native ones. But, in the immediate
post-transplant period a mild dilatation of collecting system is expected due to hipotony
(Figure 3).and edema in ureteral anastomosis [22]. A detailed examination is performed and,
not rarely, incidental findings as kidney stones, cysts or small angiomiolipomas may be
detected in first post-surgical examination. Besides, a careful search for perinephric collections
is performed and CD and PD used for evaluation of vascular anastomosis. The renal transplant
artery is usually anastomosed to the donor external iliac artery in an end-to-side way. Occa‐
sionally, the artery may be anastomosed in an end-to-end way to the internal iliac artery. The
donor renal vein is anastomosed in an end-to-side way to the donor’s external iliac vein [23].

Figure 3. Normal sonographic appearance of a renal allograft in the immediate post-transplant period. Notice the
mild dilatation of calyceal system (arrows).

5. Complications

Complications related to the graft following a renal transplant can be didactically divided into
medical complications (MC), urological complications (UC) including fluid collections (FC),
and vascular complications (VC). Neoplasms (NEO), and recurrent native renal disease are
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also complications that can occur but in minor incidence. The most common complications of
renal transplantation are discussed bellow and listed in Table 1.

5.1. Medical complications

In the early post-transplant period, delayed graft function (DGF) occurs when the decline of
the serum creatinine concentration is slower than wanted. The most common medical
complications (MC) related to DGF are acute tubular necrosis (ATN), drug toxicity (mainly
causes by calcineurin inhibitors - CNI), and rejection. In general, imaging tools in evaluating
MC following renal transplantation are non-specific [24-26]. The major role of imaging in this
setting is to exclude urologic, collections, and/or vascular complications. To date, quantitative
criteria for the diagnosis of acute graft dysfunction with MR renography or nuclear medicine
have not been adequately standardized. Promising techniques, especially using quantitative
and functional MRI are objects of interest in this field [14, 27, 28].

5.1.1. Acute Tubular Necrosis (ATN)

ATN is the most common cause of DGF, defined as need for dialysis in the first week following
transplantation. It is related to the cold ischemic time [29] and infrequently seen in patients
whose transplants are from living donors [30, 31]. ATN occurs in the first days following
transplantation, even in the first hours. Renal function usually recovers within 1-2 weeks, but
can last abnormal up to 3 months [19, 31].

There is no imaging specific pattern for the diagnosis of ATN [10, 32]. Images can be completely
normal depending on the severity of injury [33-35]. US can reveal swollen and globular
kidneys, with increasing corticomedullary differentiation (CMD) [26]. The cortex is brightly
echogenic, swollen, rendering medullary pyramids very prominent and compressing fat in the
renal sinus. An elevated Resistance Index (RI > 0,80) measured in the intra-renal arteries is
considered to be a non-specific marker of graft dysfunction, seen on both, ATN and rejection
[8, 32, 36-40]. Serial measurements of RI and Pulsatile index (PI) combined with clinical and
biochemical information is useful in monitoring the patient [31, 39]. At MRI, CMD tends to be
preserved [41]. Dynamic functional MRI and perfusion show slightly delayed medullary
enhancement, and markedly impaired contrast excretion [42, 43]. CT demonstrates decreased
graft enhancement, eventually with no contrast media excretion [19].

With radionuclide imaging (iodine-131 orthoiodohippurate and Tc-99m MAG3), the most
conspicuous findings are delayed transit with delayed time to maximal activity (T-max),
delayed time from maximum to one-half maximal activity (T-1/2), and a high 20 to 3 minute
ratio. On sequential images, marked parenchymal retention is seen [44, 45]. (Figure 4).

5.1.2. Rejection

Rejection can be classified according to the period of appearance as hyperacute (occurring
within minutes), acute (occurring within days to weeks), late acute (occurring after 3 months),
or chronic (occurring months to years after transplantation) [46]. When hyperacute rejection
happens, graft dysfunction is usually irreversible. The humoral reaction of the patient leads
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to a severe vascular lesion and to cortical necrosis. Imaging does not play any role. Absence
of perfusion will be seen in Doppler, angiography or scintigrams [10]. Accelerated acute
rejection occurs within the first week. The imaging features are the same as of acute rejection
(AR). Cortical nephrocalcinosis may be seen in rejected transplants left in situ [10, 47].

Currently, the overall risk of acute rejection within 1 year after transplantation is less than 15%
[46]. AR can be divided in acute-antibody mediated rejection and T-cell-mediated rejection.
Acute-antibody mediated rejection is characterized by a rapid graft dysfunction due to
inflammation. T-cell-mediated rejection can also present as an increasing creatinine level and

(A) 

(B) 

Figure 4. (A) and (B): 99mTc-DTPA renal scintigraphy. Postoperative period of 48 hours. Preserved arterial blood flow
and glomerular function deficit, with minor urine formation during the study.
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diminished urinary output. Fever and graft tenderness now rarely occur. As mentioned before,
imaging in AR is non-specific. Imaging findings superpose with other conditions such as ATN,
drug nephrotoxicity, UC, and VC. The sonographic features are similar to those described for
ATN [10, 33]. They include renal enlargement, heterogeneity of renal cortex, loss, increase or
decrease of CMD, hypoechogenicity of renal pyramids, cortex and sinus, thickening of renal
cortex and thickening of the walls of collecting system (figure 5). Although both ATN and AR
cause PI and RI rise on Doppler US, the likelihood of AR is greater with high values [31]. An
elevated RI (>0,9) is highly suggestive of AR, but is not specific [32, 36-38, 48, 49]. A PI of more
than 1.5 is used in some centers for helping diagnosing rejection. Radionuclide studies show
decreased renal perfusion and function [45, 50]. If the isotope study is normal in early post-
operative phase and becomes abnormal subsequently, acute rejection can be diagnosed. MR
findings are variable and include various degrees of swelling, globular morphology with
indistinct margins of the graft, decrease or loss of the CMD are common findings [10, 14, 19,
28, 31]. Perfusion abnormalities are seen in contrast enhanced scans with marked decreased
cortex and medulla enhancement, prolonged arterial phase, poor wash-out and patchy
nephrogram [10, 14, 24, 28] (Figure 6).

(A) 

(B) 

Figure 5. (A) Acute rejection, longitudinal scan. The cortex is swollen, extending into the renal sinus and compressing
the fat. Medullary pyramids are prominent (arrows), indicative of an increase in cortical echogenicity. (B) Spectral Dop‐
pler shows a RI > 0,90 highly suggestive of AR.

Chronic rejection (CR) occurs after at least 3 months to years after transplantation. It hap‐
pens due to an insufficient immunosuppression to control residual antigraft lymphocytes
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and antibodies. It presents as a progressive decline in renal function [46] and may be diffi‐
cult to diagnose by a non-invasive techniques. RI measurements are not reliable for this di‐
agnosis [24, 38, 40]. Initially, the graft is enlarged and shows increased cortical thickness,
which later changes to a thin cortex and mild hydronephrosis on both US, CT, and MRI [19,
50] [28, 33]. A diminished uptake of radiopharmaceuticals and also a normal parenchymal
transit with absent or minimal cortical retention is seen in scintigraphy studies. In advanced
stages, parenchymal retention of radiotracers is present [45].

(A) 

(B) 

Figure 6. (A) and (B): 99mTc-DTPA renal scintigraphy. Two week follow up. Depressed arterial blood flow of a discrete
degree and glomerular function deficit of moderate degree
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5.1.3. Calcineurin Inhibitors (CNI) nephrotoxicity

CNI can cause renal vasoconstriction with ischemia. CNI toxicity is caused by afferent
arteriolar vasoconstriction followed by a decrease in glomerular perfusion pressure and also
by a tubulointerstitial injury independently from its vascular effects [51]. These physiological
effects are similar between cyclosporine and tacrolimus. Monitoring the CNI serum levels is
important to prevent the occurrence of nephrotoxicity and, on the other hand, to achieve the
appropriate immunossupression. Moreover, nephrotoxicity of these drugs not related to their
serum levels are described [52, 53].

When DGF occurs many experts prefer do not use CNI due to their possible detrimental effects
in the ischemic damaged kidneys [54]. When creatinine level stabilizes without complete renal
function recovery or when renal function deterioration occurs, a renal biopsy should be
performed. Currently, no clinical findings are specific enough to differentiate allograft
rejection from CNI nephrotoxicity. Imaging findings are also non-specific and superimposed
with the other parenchymal complications. Cyclosporine toxicity may produce an enlarged
kidney with increased cortical echogenicity and prominent medullary pyramids. On radio‐
nuclide images, acute cyclosporine toxicity resembles mild acute rejection, with depressed
effective renal plasma flow and parenchymal retention [22, 45] Loss of the corticomedullary
differentiation can be seen on MRI [55]. Findings should be correlated with cyclosporine levels.
Sustained increasing in RI values (Figure 7), without a morphologic cause such as hydroneph‐
rosis, is indicative of graft dysfunction, but it´s non-specific and may be caused by acute or
chronic rejection, ATN, or cyclosporine toxicity [56].

Figure 7. CNI toxicity. Spectral doppler evaluation with a mild elevatation of RI.
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To date, no imaging or laboratory test has been found accurate enough to discriminate the
parenchymal causes of graft dysfunction and renal biopsy remains as the gold standard [22,
49, 50, 57].

5.2. Urological complications

The clinical setting of most UCs is that of a decrease in graft function. Because many of the
complications are treatable, it is extremely important to make an early diagnosis and separate
from rejection or ATN. The first reports concerning renal transplantation showed a prevalence
of UC varying from 10% to 25%, with a mortality rate ranging from 20% to 30%. Nowadays,
due to advances in immunosuppressive therapy combined with careful surgical technique the
incidence of UC decreased, ranging from 1% to 8% [58, 59]. The majority of the UC are seen
during the first month to six months after transplant. Ureteric obstruction and urine leak are
the most common [22, 60].

5.2.1. Obstructive uropathy

The major causes of ureteral obstruction are ureteral ischemia, edema at the uretero-vesical
anastomotic site, infection, extrinsic compression of the ureter by fluid collections, and ureteral
kinking. Other relatively rare causes are stones, papillary necrosis, clots, fungi, pelvic fibrosis,
and herniation of the ureter [61]. Early-onset obstruction of the ureter is secondary to kinks,
clots, edema, inflammation, or a tight submucosal tunnel. Percutaneous treatment is the best
treatment option. Late-onset obstruction is caused by fibrosis, ischemia, or periureteral masses
or may be secondary to rejection [19]. The transplanted ureter is relatively prone to ischemia
due to limited blood supply [22, 24, 50, 58]. A large majority of the ureteral strictures occur in
the distal third of the ureter, usually secondary to ischemia [22, 58].

Sonography shows dilated renal pelvis and calyces and is useful to determine the site of
ureteral obstruction (Figure 8). This is a nonspecific finding because it is also seen in cases of
diminished ureteral tonus resulted from denervation of the transplant [62], mild dilated
collecting system in rejection, vesico-ureteral reflux, and secondary to overdistended bladder.
In the later condition, it’s important to repeat the US with an empty bladder.

When highly echogenic, weakly shadowing masses are present in the collecting system, fungus
balls should be considered, whereas low-level echoes may suggest pyonephrosis or hemo‐
nephrosis [63]. Other abnormalities of the collecting system include calculi and urothelial
tumors. In some cases of acute obstruction an increased RI and PI may be present, however,
again they are nonspecific findings [37, 64].

At Nuclear Medicine, in patients with early partial obstruction, good perfusion and prompt
uptake of the radiotracer may be seen; however, in patients with functionally significant
hydronephrosis, radioactivity is retained in the collecting system. Delayed images are useful
for differentiating an obstructed ureter from a dilated but unobstructed ureter, since a non-
obstructed system shows clearance into the bladder. Diuretic renography and conventional
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clearance times can be used in the assessment of urinary tract patency [65]. The anterograde
urography usually depicts the site of obstruction. The combination of normal results from the
Whitaker test and anterograde pyelography virtually excludes the presence of obstruction [66].
If necessary, MDCT allows accurate imaging of the entire course of ureteral and periureteral
diseases.

In pyelonephritis, diffuse thickening of the urothelium in the renal pelvis and proximal ureter
may be seen, but it´s also seen in rejection. At MRI, an absent renal fat sinus and decrease in
corticomedullary differentiation, along with striated nephrogram and multiple nonenhancing,
round foci in the transplant renal parenchyma are the most frequent signs [43, 67].

Renal stones may either form in the transplant kidney or be incidentally carried from the donor
kidney. Because the kidney and ureter are denervated, these patients do not present with a
typical colic pain. The incidence and risk factors for calculus are the same as for a native kidney
[10], in some reports ranging from 0,4% to 1,0% [68]. Lithiasis can lead to further complications
such as obstruction or infection. Small stones are missed in plain films, since the transplant
kidney overlies iliac bone. Unenhanced MDCT is the gold standard as can detect virtually
100% of stones.

Occasionally, gas may be seen in the collecting system, usually introduced from external
sources, such as catheter or occasionally from needle biopsy or, very rarely, from emphysem‐
atous pyelonephritis. Evaluation of the collecting system and bladder may also show an
abnormal position or condition of the stent.

(A) 

(B) 

Figure 8. (A) and (B) - Mild hydronephrosis presumably, secondary to a tight submucosal tunnel.
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5.2.2. Perirenal collections

In the early post transplant period, it is common to see fluid collections around the kidney in
up to 50% cases. Common post-transplant fluid collections include urinome, hematoma,
seroma, lymphocele, and abscess [33, 58, 62]. Rarely, they lead to a graft dysfunction or a
collecting system obstruction.

US is very useful to assess the presence and size of perinephric fluid collections; however, it
is not very specific for further differentiation among different types of content. The post-
transplant time interval may suggest the nature of collections. Fluid collections seen in the
immediate postoperative period are usually hematomas or seromas [50]. All fluid collection
are identified with US and although solid echoes or septations may suggest specific diagnosis,
correlation with clinical findings helps to restrict differential diagnosis, occasionally puncture
with biochemical analysis of the fluid are required to final diagnosis

5.2.2.1. Urinome / urinary leak

Urinome occurs in up to 6% of transplant recipients [69] in the first weeks post-transplantation.
It is believed to be caused by disruption of the vesicoureteric anastomosis or ischemic injury
of the distal ureter [24]. It is normally preceded by increased abdominal pain, reduction in
urine volumes and sometimes, urine leakage from the wound.

US is essential in the evaluation of perirenal collections, including urinomes. It is the modality
of choice for diagnosis and guiding puncture. A cystogram may show leakage from the bladder
and an isotope scan is often helpful. These collections are expected to show increased activity
on radionuclide MAG-3 (Tc99 mercaptoacetyltriglycine) scans while other fluid collections
usually result in photopenic defects [33] (Figure 9). The appearance on US is of a homogeneous
anechoic collection, with thin walls, usually without echoes (Figure 10). CT and MRI show a
clear fluid collection. Diagnostic aspiration may be required to confirm the nature of the
collection. A communication between the fluid collection and urinary tract is required for final
diagnosis.

5.2.2.2. Hematoma

Hematomas are seen mostly in the early post operative period. The overall  incidence of
significant postoperative hematomas from renal transplant varies from 4 to 8% [70, 71]. They
have a complex appearance, poorly defined wall with internal echoes (Figure 11 A and B).
Clots and debris appear as dense areas in unenhanced CT scans. Ultrasound and CT define
the collection, but differentiation from abscess is difficult. Radionuclide scans demonstrate
photopenic collection adjacent to the kidney, which do not fill up in delayed images. MRI
signal  depends on the stage of  hematoma. Aspiration and imaging guided drainage are
performed.
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5.2.2.3. Abscess

Abscess can be a complication of surgery, pyelonephritis or secondary to infections, urinomes,
hematomas or lymphoceles. It can occur any time during the post transplant period. The
appearance is the same as a hematoma, i.e. a complex collection. Parenchymal abscess
manifests as a well defined hypoechoic mass on US, and nonenhancing, hypoattenuating
collection on CT. On MR, it can show high signal intensity on DWI and peripheral enhancement
after contrast media.

Figure 9. Anomalous accumulation of the glomerular agent (99mTc-DTPA) above the renal pole compatible with a uri‐
noma. 99mTc-DTPA image showing accumulation of activity (arrow) outside the area of the kidney, ureter and bladder
indicating urinary leakage.
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Figure 10. Urinoma. Gray-scale US shows a simple fluid collection around the kidney, anechoic (*). The biochemical
analysis of the fluid after puncture revealed a high creatinine level.

(A) 

(B) 

Figure 11. (A) Recent hematoma. Longitudinal US scan shows a complex, hyperechoic mass (*) around the graft. (B)
Organizing hematoma. A complex collection (*) around the graft with hiper-and hypoechoic areas.
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5.2.2.4. Lymphocele

Lymphoceles are lymph collection from the iliac lymphatic vessels of recipient or graft hilum
that accumulates between the transplanted kidney and bladder. It results from surgical
disruption of lymphatics and usually occur 4 to 8 weeks following transplantation [62, 70-72].
Usually these are small in size and asymptomatic; however, when large can cause hydro‐
nephrosis or lower extremity edema and may require drainage [33]. US shows an anechoic
collection with fine septa within it, usually inferior to the region between the kidney and
bladder (figure 12). Scintigraphy demonstrates a photopenic area which does not fill up with
tracer on delayed images [73]. CT shows well defined round or oval collection of 0–20 HU. On
MR images, an homogeneous and often minimal complex collection is depicted.

Figure 12. A minimal complex fluid collection around the graft extending to the pelvis, with fine septa, consistent
with a lymphocele.

5.2.3. Vesicoureteral reflux

It seems to have a greater incidence in patients whom extravesical cystoureteral anastomosis
was performed. However the clinical relevance is still not established, with a slightly increase
in risk of infection. Cysto-uretrogram can easily make this diagnosis. Many technical modifi‐
cations has been proposed to reduce the vesicoureteral reflux and urine leakage like modified
Lich-Gregoir technic [74].

6. Other urological complications

• Ureteral necrosis: more common in the distal ureter and caused by a tight submucosal tunnel
or vascular ischemia or rejection. It is a cause of urinary leak and is common in the first 6
months [75].
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• Torsion: an extremely rare complication, more common in peritoneal location. It refers to
rotation of the kidney transplant graft around its vascular pedicle resulting in vascular
compromise and infarction [76]. On images the graft is with abnormal axis, enlarged,
hypoechoic and with poor enhancement [77].

• Rupture: a rare complication of uncertain etiology. Biopsy, acute rejection, ATN, vascular
occlusion, trauma, rejection, and renal cell cancer development are proposed etiologies
[78-80]. Sonographic findings are extrarenal and subcapsular collections, laceration or
hematomas within the perinephric space [79]. CT shows dense clot and perinephric
collection. Radionuclide scans show photopenic defect. MR shows clots and an hemorrhagic
perirenal collection.

6.1. Vascular complications

Vascular complications (VC) after renal transplantation are the most frequent type following
urological complications, seen in less than 10% [81]. Early VC includes renal artery or vein
thrombosis, lesions to the iliac vessels and cortical necrosis. Delayed complications mainly
include renal artery stenosis, arteriovenous fistula and rarely pseudo-aneurysm. They have a
high associated morbidity and mortality. Although DSA remains the gold standard for
vascular complications, US with Doppler is the screening method for assessing blood supply
of a kidney graft [49, 82]. MRI with angiography (MRA) has been used more often to confirm
US diagnosis of vascular abnormalities in renal transplants [31]. With this combination,
radionuclides are scarcely used to evaluate graft vascular complications.

6.1.1. Early vascular complications

Usually occurs in the first week post transplantation. Renal artery and vein thrombosis are
generally related to the position of the graft, to a long vessel, to surgical techniques (anasto‐
mosis of the arteries), or to compression, e.g. hematoma compressing the renal vein. Renal vein
thrombosis can also be secondary to extent of a thrombus in the iliac vein.

Arterial thrombosis is rare in the early transplant period. US and MRI show complete absence
of flow in the main transplant renal artery and intrarenal arteries, no flow in the parenchyma
with CD or PD (Figure. 13), and no parenchymal perfusion detectable at MRI. MRI can also
demonstrate absence of renal artery enhancement. Occlusion of a lobar artery or a pedicle
artery leads to a focal well-defined area of infarct, which consequences are dependent to the
extension of this area [25]. In the ischemic area, the renal cortex has appearance of a wedge-
based hypoechoic mass with echogenic walls, and no signal on CD [31]. MRI can better
delimitate the zone of infarct. MRI and CT show a non-enhancing area with enhancing capsule.
Scintigraphy may also be used to confirm arterial occlusion (Figure 14).

Renal vein thrombosis is a frequent cause of loss of the renal graft, occurring in 4-6% of the
transplants in adults [83]. It´s a difficult diagnosis because it begins in the venules within the
renal parenchyma, and initially, large veins remain normal [84]. Characteristic features of renal
vein thrombosis include a dilated transplanted renal vein containing a thrombus with absent
venous flow (Figure 15); lack of venous outflow that causes a very high resistance to arterial
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inflow; there may be no diastolic flow (RI = 1) or even diastolic flow reversal (Figure 16) [84];
absence of venous signals in the graft at CD or PD; decrease in the arterial sign at CD of the
peripheric arteries [25]. These are non-specific findings, also present in ATN and rejection.
Clinical and biochemical findings should take them apart. MRI can demonstrate the extent of
the thrombus, but they must not delay the surgical approach.

6.1.2. Vascular thrombosis — Artery / vein

Lesions to the iliac or renal allograft vessels may occur during the transplantation and are
associated with multiple arteries donors, anatomic variations, recipients ateromathosis,
thrombophilia, obesity and other chronic diseases. They can lead to a non viable graft. Artery
dissections, perforation, pseudoaneurysms, and thrombosis are the most common type of
these complications [25]. Sonographic evaluation of such these lesions in the immediate post-
transplant period may be limited and MRI/MRA might be necessary.

Cortical necrosis is extremely rare but severe. It can be secondary to a long cold ischemic
time or rejection. Diagnosis is difficult because in the initial phase, arteries and veins remain
patent. US can show a globular and heterogeneous graft with decrease in the CD sign of
the cortical arteries. RI is elevated and progresses to absence of diastolic flow. Focal, patchy
or diffuse zones of necrosis are better demonstrated by MRI. Biopsy is necessary to exclude
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6.2. Late vascular complications

Renal artery stenosis (RAS) is the most common VC. Stenosis can occur within a few months,
most often caused by trauma to the donor’s or recipient’s vessel during clamping, or it may
be delayed for few years, in which case atherosclerosis is usually the cause [84]. Kinking of the
renal artery may cause a similar clinical condition, leading to an erroneous suspicion of RAS.

The patency of the renal artery should be performed in patients with severe hypertension
refractory to medical therapy or with hypertension combined with either an audible bruit or
unexplained graft dysfunction [50]. It usually occurs in the anastomosis or in the proximal
donor artery, related to the surgery technique, media and intima injuries, and atherosclerosis,
both from the donor or the recipient. They can occur in a short or long segment, multifocal or
unifocal involvement. Flow disturbances resulting from a tight anastomosis are most readily
detected in the site of the anastomosis.

(A) 

(B) 

Figure 14. A and B: 99mTc-DTPA renal scintigraphy. Photopenic area in the left iliac fossa. Absence of arterial blood flow
and of glomerular filtration in the transplanted kidney. Radionuclide angioscintipraphy performed with 99mTc-DTPA.
The photon deficiency and no uptake of radioactivity at the site of the graft indicate non-viability.
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The Doppler criteria to diagnosis renal artery stenosis include: 1- high-velocity flow greater
than 2 m/s measured in the renal artery (Figure 17A); 2- the ratio peak velocity in the transplant
artery / peak velocity in the iliac artery close to the anastomosis higher than 2 (PVS RA/IA >
2); 3- velocity gradient between stenotic and pre-stenotic segments of more than 2:1; 4- marked
distal turbulence [85, 86]. US with Doppler of the intra-renal arteries for detecting proximal
artery stenosis shows a tardus parvus waveform; prolonged acceleration time, > 0.07 seconds
(Figure 17B); diminished acceleration index (<3.0 m/s2); decreased RI (<0,56); and loss of a
normal early systolic compliance peak [85]. When US is inconclusive for RAS, MRA (prefera‐
ble) and CT angiography may define the site and the degree of stenosis. The stenosis can also
be confirmed by angiography, which also provides a good estimate of the vessel extent and
helps in the planning of percutaneous transluminal angioplasty (Figure 18).

Figure 15. Renal vein thrombosis. The enlarged, occluded vein (arrow) is seen at the hilum, with a thrombus within
(*).

Figure 16. A reversal diastolic flow (arrow) and raising of the PSV in the interlobar artery as an indirect sign of renal
vein thrombosis.
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(A) 

(B) 

Figure 17. RAS. (A) Color-Doppler shows a focal stenosis near renal hilum with marked increase in PSV (4.0 m/s). (B)
There is a tardus parvus waveform and a decreased RI at spectral Doppler.

Arteriovenous fistula (AVF) normally occurs secondary to transplant biopsy, with an incidence
of 1-18% [84, 87]. Small lesions may resolve spontaneously; if not, they can be successfully
treated with percutaneous embolization. They are usually asymptomatic, but can manifest
with hypertension, hematuria, and graft dysfunction. Doppler US is the modality of choice for
diagnosis. Focal high-velocity, low-impedance intrarenal arterial flow might suggest an
arteriovenous fistula. An intense focus of high-velocity turbulent flow that is seen as a
multicolored focus, persisting even with high pulse repetition frequency (or Doppler scale) at
CDUS is also suspect. MRI and CT are used when US cannot define the vascular nature of the
lesion. Visualization of a round abnormality in the renal parenchyma that enhances similar to
the aorta at arterial-phase on MRI with an abnormal early venous drainage adjacent to the
lesion is diagnostic for AVF [19]. DSA remains as the gold standard for such diagnosis and is
also the method of choice for therapeutic (Figure 19).
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In general, pseudoaneurysms develop secondary to biopsy injury. Most of them resolve
spontaneously within the first two months. However, if there were progressive enlargement,
an unusual size (> 2 cm in diameter) or loss of renal function, intervention will be required [31].
US shows a simple or complex cyst. CD shows the to-and-fro yin and yang pattern seen in

(A) 

(B) 

Figure 18. (A): MRA reconstructed with MIP nicely demonstrates the renal artery stenosis (arrow). (B): DSA of a differ‐
ent case showing multifocal stenosis in the renal artery (arrows) and a long segmental stenosis in the polar artery (ar‐
rowhead).
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other sites of pseudoaneurysms. Extrarenal arterial pseudoaneurysm following renal trans‐
plantation is extremely rare.

Figure 20 shows an algorithm for initial evaluation of complications after kifney transplan‐
tation.

7. Other complications following renal transplantation

7.1. Malignancy after kidney transplantation

It is a known fact that patients submitted to renal replacement therapy, whether dialysis or
transplantation, are at higher risk for cancer [88]. Among neoplasias, urologic tumors are about
4 to 5 times more frequent among renal transplant recipients and their characteristics differ

(A) 

(B) (C) 

Figure 19. arteriovenous fistula. (A) US CD shows a vascular structure with troubling flow. (B) DSA pre- treatment
showing a distal communication (arrow) between arterial and venous system with early drainage (arrowhead). (C) Af‐
ter coil placement (arrow) the AV fistula is no longer seen.
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from those of tumors occurring in the general population. These neoplasias show three
different presentations: de novo occurrence in the recipient, recurrence of a preexisting
malignant neoplasia, or transfer of a malignant neoplasia together with the renal graft [89].

With increasing donor age, the use of marginal donors and the increased survival of renal
grafts, malignant genitourinary neoplasms have become more common. Thus, post-renal
transplant vigilance is important in order to obtain an early diagnosis and to institute appro‐
priate treatment (Figure 21).

The imaging methods used for diagnostic confirmation are those cited earlier and their use
varies according to the symptoms presented by the patient.

7.2. Disease recurrence

Disease recurrence in the graft has a greater prevalence in children than in adults, thereby
increasing patient morbidity, graft loss and, sometimes, mortality rates. Indeed, the current
overall graft loss is mainly due to primary glomerulonephritis (70–80%) and inherited
metabolic diseases [7, 90-95]. It depends on the primary disease before transplantation. The

Algorithm for imaging evaluation of complications after kidney transplantation
NM – nuclear medicine
US – ultra sound

Figure 20. Algorithm for initial evaluation of kidney transplantation.
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presentation of recurrence includes early massive proteinuria and sometimes graft failure and
arterial hypertension [96]. Imaging has no specific pattern in these situations, and mainly plays
a role in guiding biopsy.

7.3. End-stage disease

Nonfunctional renal grafts are often left in situ. As in chronic native renal parenchymal chronic
disease the grafts are usually small, and can have fatty replacement, hydronephrosis, infarcts,
hemorrhage, and calcifications [19].

7.4. Renal focal lesions

Focal lesions are seen as a less common complication after transplantation. Besides parenchy‐
mal abscess, and focal infarction, these may be secondary to recent surgery such as focal contusion
or postbiopsy intrarenal hematoma. Focal lesions may be miscarried in surveillance [33].

8. Donors’ evaluation

The number of people waiting for transplantation using cadaveric organs is usually very
expressive, worldwide. Therefore kidney transplantation from living donors is becoming more
and more frequent. Living donor kidney recipients have a significant increase in graft survival
compared to deceased donor recipients. A living donor transplant has the advantage not to
require a waiting list and can be performed in a preemptive manner (before the beginning of

Figure 21. Vesical neoplasia in patient with renal allograft. A mass is seen in the bladder floor (arrow). Transplant kid‐
ney (TK) is in left inguinal fossa.
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dialysis treatment). There is also evidence that patients who receive a preemptive transplant
have a longer graft survival than patients who remain on dialysis before the transplant. In the
past, only genetically related individuals were considered to be potential donors; however,
the use of unrelated kidney donors is increasing and the recipients of these kidneys have a
better graft survival than recipients of deceased kidney donors [97, 98].

The organ donor candidate must be an adult with the ability to decide, should have an affective
relationship with the recipient and be free from coercion. He should be healthy from both a
medical and psychic viewpoint and should be informed about the risks and benefits of
donation [99].

Figure 22. Split-bolus CT-Urography with MIP reconstruction allows evaluation of pelvicaliceal system and ureters fully
distended, as well as renal parenchyma, in a potential kidney-donor.
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The systematic evaluation of a living donor includes socioeconomic and psychological
assessment, medical history and physical examination complemented with laboratory tests
and imaging exams.

The evaluation of renal anatomy, mainly the vascular details of a living organ, is absolutely
crucial, before removing it, surgically [18]. When living donors are considered, possible aortic
and/or renal arterial, venous anatomical variants and/or congenital malformations are key
factors to decide if a relative could be a potential donor, and moreover, which kidney will be
removed, left or right. In addition, a detailed evaluation of collecting system and ureters may
be obtained and may abbreviate decisions [82].

In the past, to obtain all the information required, urologist and nephrologists used to order
at least 3 exams: 1- Intravenous urography (IVU) for evaluation of collecting system; 2- voiding
cystourethrogram to detect a silent vesicoureteral reflux and its consequences to the kidneys
and; 3- abdominal angiography to evaluate aorta and renal arteries. Nowadays, although there
is a considerable variation of protocols for potential donors, all this information can be derived
from only one technique, multidetector CT (MDCT). The fast scanners recently available allow
timing-specific images, in other words it’s possible to obtain early images, in the arterial phase,
to depict arterial anatomy in detail and, later on, do another scanning during venous phase
and later on, on excretory phase to depict pelvicaliceal system and ureters [15]. MDCT is
reported to be as accurate as DSA for detecting supranummerary and polar arteries, as well
as venous anatomical variations as circumaortic veins, double veins and so on. Some authors,
in order to reduce ionizing radiation dose, suggest that the last (excretory) phase, could be
replaced by a abdominal plain film, taking advantage of the contrast media in the collecting
system and bladder, simulating an late film in IVU (Figure 22).

Voiding cystourethrogram (VCU) was commonly used for evaluating of living donors,
however, several studies have shown that no clinically relevant information is provided for
this examination in the great majority of cases. So, VCU is no longer used in most of individuals
who are candidates for kidney donation [83].
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1. Introduction

Kidney may undertake normal function immediately after transplantation or even several or
over a dozen days delay. Absence of normal renal transplant function may lead to acute kidney
injury (AKI), nephrotic syndrome (NS) and chronic kidney disease (CKD). Acute kidney
injury (AKI) is characterized functionally by a rapid decline in the glomerular filtration rate
(GFR), and biochemically by the resultant accumulation of nitrogenous wastes such as blood-
urea nitrogen and creatinine (Devarajan, 2010). Nephrotic syndrome (NS) is a nonspecific
disorder in which the kidneys damage is accompanied by a leak of large amounts of protein
(proteinuria at least 3.5 grams per day per 1.73m2 body surface area) from the blood into the
urine. Nephrotic syndrome is a disorder of the glomerular filtration barrier. The multiprotein
complex between adjacent podocyte foot processes the slit diaphragm, is essential to the
control of the actin cytoskeleton and cell morphology. Signaling from slit diaphragm proteins
to the actin cytoskeleton is mediated via the Rho GTP-ases. These are thought to be involved
in the control of podocyte motility, which has been postulated as a focus of proteinuric
pathways (Hull & Goldsmith, 2008). It is common belief that nephrotic syndrome after
transplantation results mainly from recurrence of renal disease in transplanted kidney and not
defective graft function. Chronic kidney disease (CKD) – it is kidney damage for ≥3 months,
defined by structural or functional abnormalities of the kidney, with or without decreased
GFR, manifested by either pathological abnormalities or markers of kidney damage, including
abnormalities of blood or urine or abnormalities in imaging tests (Ahmad et al., 2006).
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2. Markers of nephrons damage

After kidney transplantation it is particularly important to monitor the biomarkers which
allow to detect progress in disease process and determine which functional parts of kidney are
going to be damaged, to enable application of a quick appropriate treatment (Lisowska-Myjak,
2010; Alachkar et al., 2010; Metzger et al., 2010). Administration of immunosuppressants for
preventing renal graft rejection may lead to progressive damage to the renal tissue (interstitial
fibrosis, tubular micro calcifications, atrophy of renal tubules) caused by high toxicity of
suppressing drugs. Cyclosporine A(CsA), tacrolimus, mycophenolate mofetil, basiliximab,
prednizon and sirolimus (rapamycin) are commonly used in immunosuppressive therapy
following kidney transplantation. Cyclosporine A and tacrolimus generate immunosuppres‐
sive action by binding to cyclofiline and inhibiting the action of calcineurin 2, which stimulates
proliferation and differentiation of lymphocytes T. Cyclosporine A inhibits synthesis of
lymphokines by lymphocytes T. Lymphokines synthesized by lymphocytes T stimulate
immunological system and have the ability to „kill” inflammatory and neoplastic cells.
Mycophenolate mofetil selectively inhibits inosine monophosphate dehydrogenase, a basic
enzyme in guanosine synthesis. Mycophenolate mofetil inhibits proliferation of lymphocytes
T and B after stimulation with antigenes, cytokines and mitogens. Basiliximab similarly to
Daclizumab, blocks receptors for IL-2.

Majority of renal pathological changes concern glomerules, proximal and distal tubules as well
as vascular endothelium. At first renal proximal tubular cells (Fig.1.) demonstrating highest
metabolic activity, possessing high amounts of mitochondries, lysosomes and peroxysomes
are damaged. Remaining sections of nephron such as: Henle’s loop, distal tubules and
collecting tubules are usually damaged later. There are numerous biomarkers that identify
injury the area of the renal nephron, such as the glomerulus, the proximal, and the distal tubule.

2.1. Biomarkers of renal glomeruli

The oldest biomarkers of renal glomeruli injure are serum urea and creatinine as well as
clearance of endogenic creatinine, which similarly to inulin (gold standard in GFR determi‐
nation) is excreted to urine and not absorbed in renal tubules. Clearance of endogenic creati‐
nine is 10-20% higher than clearance of inuline, which is a result trace excretion of creatinine
by renal tubules (Finney et al., 2000).

Cystatin C (CYC) is a cysteine protease inhibitor that is stably secreted from all nucleated cells,
freely filtered through the glomerulus, and completely reabsorbed by the proximal tubules.
During efficient function of proximal renal tubules there are traces of urinary CYC, independ‐
ent of age and body mass. Given that cystatin C is not normally found in urine in significant
amounts, the elevated level of urinary cystatin C may display dysfunction of tubular cells and
tubulointerstitial disease. Concentration of CYC in normal urine accounts 0.03-0.3 mg/L (Filler
et al., 2005). Increase in serum CYC is proportional to decrease in GFR (Campo et al., 2004 ). It
was reported that serum CYC correlated better with GFR than creatinine (Filler et al., 2005;
Schuck et al., 2004). After renal transplantation CYC concentration increased simultaneously
to AKI development, because of decreased reabsorption from damaged tubules. Therefore
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urinary concentration of CYC may be treated as a good marker of the proximal tubules and
effective biomarker of delayed renal graft function due to lack of diurnal changes, and high
stability in routine conditions of urinary storage, urinary CYC may be determined in single
urinary samples. Urinary CYC / creatinine ratio is a good indicator of renal tubules dysfunction
as in disorders of renal tubules, urinary CYC concentration may increase even 200 fold (Uchida
& Gotoh, 2002; Lisowska-Myjak, 2010). Two fully automated and quick immunological
methods for CYC determination: turbidimetric PETIA (particle enhanced immunoturbidimet‐
ric assay) and nephelometric – PENIA (particle enhanced nephelometric immunoassay) were
developed in 1994-1997. Presently measurements of urinary CYC are utilized mainly with a

Figure 1. Nephron structure
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nation) is excreted to urine and not absorbed in renal tubules. Clearance of endogenic creati‐
nine is 10-20% higher than clearance of inuline, which is a result trace excretion of creatinine
by renal tubules (Finney et al., 2000).

Cystatin C (CYC) is a cysteine protease inhibitor that is stably secreted from all nucleated cells,
freely filtered through the glomerulus, and completely reabsorbed by the proximal tubules.
During efficient function of proximal renal tubules there are traces of urinary CYC, independ‐
ent of age and body mass. Given that cystatin C is not normally found in urine in significant
amounts, the elevated level of urinary cystatin C may display dysfunction of tubular cells and
tubulointerstitial disease. Concentration of CYC in normal urine accounts 0.03-0.3 mg/L (Filler
et al., 2005). Increase in serum CYC is proportional to decrease in GFR (Campo et al., 2004 ). It
was reported that serum CYC correlated better with GFR than creatinine (Filler et al., 2005;
Schuck et al., 2004). After renal transplantation CYC concentration increased simultaneously
to AKI development, because of decreased reabsorption from damaged tubules. Therefore
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urinary concentration of CYC may be treated as a good marker of the proximal tubules and
effective biomarker of delayed renal graft function due to lack of diurnal changes, and high
stability in routine conditions of urinary storage, urinary CYC may be determined in single
urinary samples. Urinary CYC / creatinine ratio is a good indicator of renal tubules dysfunction
as in disorders of renal tubules, urinary CYC concentration may increase even 200 fold (Uchida
& Gotoh, 2002; Lisowska-Myjak, 2010). Two fully automated and quick immunological
methods for CYC determination: turbidimetric PETIA (particle enhanced immunoturbidimet‐
ric assay) and nephelometric – PENIA (particle enhanced nephelometric immunoassay) were
developed in 1994-1997. Presently measurements of urinary CYC are utilized mainly with a

Figure 1. Nephron structure
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PENIA method designed primary for CYC determination in serum (Herget-Rosenthal et al.,
2004). PENIA method (particle enhanced nephelometric immunoassay)allows for a CYC
detection at a concentration of 0.05-10.47 mg/L.

Proteinuria reflects increased filtration plasma proteins to tubular fluid and disturbed protein
reabsorption by renal proximal tubular cells (Haraldsson & Sörensson, 2004; Halbesma et al.,
2006; Giorgio et al., 2004). Proteinuria over 0.5g/24 hours is a marker the severity of the tubular
damage, independent risk factor of progressive tubular-interstitial fibrosis and strong
predictor of the end-stage renal insufficiency. Evident proteinuria is symptomatic for estab‐
lished renal damage significantly connected with decreased GFR (Abbate et al., 2006; Eddy,
2004; Tryggvason & Pettersson, 2003; Zoja et al., 2003; Ofstad & Iversen, 2005). Even minimal
proteinuria lasting one year after renal transplantation is an indicator of a poor renal graft
function and may be a risk factor for renal graft failure (Kang et al., 2009). Urinary protein is
a non-invasive and easy to perform parameter. It was reported that proteinuria (<0.5 g/24 h)
occurred in half of patients within 3 month after renal transplantation (Sancho Calabuig et al.,
2009). Higher than standard doses of everolimus (EVL) resulted in an increase of proteinuria.
Therefore the standard doses of EVL are recommended which seems to be suitable for
protecting against an acute graft rejection with better prognosis of renal function in longer
perspective (Loriga et al., 2010). As chronic allograft nephropathy (CAN) is the most frequent
reason for late loss of graft, immunosuppression with mycophenolate mofetil significantly
improves graft function and in such circumstances evaluation of proteinuria seems to have
prognostic value (Grebe et al., 2004).

Albuminuria as a marker of glomerular filtration is more sensitive than proteinuria. Urinary
albumin border value of 200 μg/min differentiates patients with albuminuria and proteinuria.
Increase in urinary albumin excretion above 200 μg/min (macroalbuminuria) indicates damage
to glomerular filtration membrane, a start of evident proteinuria, progression of kidney disease
and cardiovascular changes (Ruggenenti & Remuzzi,2006). After exceeding maximal reab‐
sorption capacity of proximal tubular cells, protein of primary urine appeared in final urine
(Luke, 1999; Remuzzi et al., 2006; Zoja et al., 2003). Excessive accumulation, in proximal tubular
cells, plasma proteins excreted to primary urine, induced increase in local expression of
cytokines and chemokines, which presence in final urine is a specific indicator of development
and extent of renal damage (Lisowska-Myjak, 2010; Alachkar et al., 2010). Renal tubular cells
exposed to increased amounts of filtered plasma proteins resulting cell injury. Microalbumi‐
nuria predicts a loss of renal graft. Determination of urinary albumin and UACR-urine
albumin-to-creatinine ratios (UACR) are particularly recommended indicators for detection
of changes in transplanted kidney (Erman et al., 2011). Microalbuminuria is considered to be
a better indicator of kidney transplant condition than proteinuria (Bandukwala et al., 2009).
Albuminuria, the marker of renal glomeruli damage and chronic damage of transplanted
kidney, which may also reflect interstitial inflammatory process, is considered a predictor of
long-term allograft outcomes in a kidney graft recipient (Nauta et al., 2011).
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2.2. Adhesion molecules connected podocytes with basement membrane

Integrin α3 and integrin β3 are particularly recommended biomarkers for monitoring the
function of transplanted kidney both at early and remote period after transplantation. The
integrin family of cell adhesion proteins promotes the attachment and migration of cells on
the surrounding extra cellular matrix (ECM). The signals initiated by integrin binding to ECM
proteins are necessary to maintain cell survival, adhesion, migration and invasion. Integrins
are transmembrane glycoproteins consisting of two units: α and β. Beta1 family of integrins
represents the major class of cell substrate receptors with specificities primarily for collagens,
laminins, and fibronectins (Srivastava et al., 2011).

Vascular cell adhesion molecule-1 (VCAM-1), sVCAM-1 (CD106) (soluble vascular cell
adhesion molecule 1) and anti-intercellular adhesion molecule-1 (ICAM-1) The ICAM and
VCAM – members of the immunoglobulin (Ig) superfamily, are the chief endothelial cell
proteins that are recognized by the white cell integrins. Elevated urinary sVCAM-1, IL6, sIL6R
and TNFR1 concentrations indicate an acute kidney transplant rejection in the first 2 weeks
after transplantation (Reinhold et al., 2012). It was reported that increased urinary concentra‐
tions of sICAM-1, determined by ELISA, occured in patients with acute renal graft rejection
(Teppo et al., 2001), and in people with proteinuria, high concentrations of sVCAM and sICAM
were observed (van Ree et al., 2008). Recently a non-invasive monitoring of the acute renal
graft rejection by determination of cell adhesion molecules has been recommended (Gwinner,
2007).

3. Biomarkers of proximal tubules

α1-microglobulin (α1M) is a 27 kDa glycoprotein related to retinol binding protein synthesized
by liver cells, engaged in immunoregulation (binds lymphocytes T and B) and heme catabo‐
lism. Determination of α1M (stable in acid urine) is a sensitive indicator of renal proximal
tubules damage (Guder, 2008; Lisowska-Myjak, 2010; Câmara et al., 2009). (Teppo et al.,
2004) reported that six month after transplantation, 32% of patients presented microalbumi‐
nuria. Evaluation of a damage to renal proximal tubules, on the basis of an increase in urinary
α1M concentration may be a consequence to a deterioration of glomerular filtration. Increase
in α1M /creatinine ratio is an early and sensitive indicator of a poor function of the transplanted
kidney, and indicates a poor prognosis of long term survival of renal transplanted patients
(Teppo et al., 2004).

Retinol binding protein (RBP), protein of the lipocalin family, synthesized mainly in a liver,
supplies retinol to peripheral tissues. RBP removed from plasma by glomerular filtration is
subsequently absorbed and catabolized in renal proximal tubules. Increased urinary RBP is
caused by a disorder in glomerular filtration and reabsorption in renal proximal tubules
(Guder, 2008; Kuźniar et al., 2006; Uchida & Gotoh, 2002; Câmara et al., 2009). It seems that
urinary RBP is a better biomarker of proximal tubules damage than β2M, as RBP has greater
stability in acid urine than β2M and renal insufficiency is only a clinical situation where an
increase in urinary RBP concentration is observed.

Utility of Urinary Biomarkers in Kidney Transplant Function Assessment
http://dx.doi.org/10.5772/54746

65
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reason for late loss of graft, immunosuppression with mycophenolate mofetil significantly
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and cardiovascular changes (Ruggenenti & Remuzzi,2006). After exceeding maximal reab‐
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α1M concentration may be a consequence to a deterioration of glomerular filtration. Increase
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Retinol binding protein (RBP), protein of the lipocalin family, synthesized mainly in a liver,
supplies retinol to peripheral tissues. RBP removed from plasma by glomerular filtration is
subsequently absorbed and catabolized in renal proximal tubules. Increased urinary RBP is
caused by a disorder in glomerular filtration and reabsorption in renal proximal tubules
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Adenosine deaminase binding protein (ABP) is a glycoprotein (120-kDa) present in lungs,
liver, placenta and brush border of renal proximal tubules. Increased expression in the urinary
ABP is considered an early indicator of acute renal injury (AKI). Increase in urinary ABP was
reported in patients with ischemia - without sepsis, after kidney transplantation, after toxic
renal tubules damage, and in newborn with sepsis. Recently published opinion suggested that
ABP to be the best marker of acute renal damage, better than β2-M or α1-M (Bagshaw, 2007).
As ABP excretion was higher among kidney transplants recipients than in people with normal
renal function, ABP is considered as a good indicator for detection of renal graft failure (Iglesias
& Richard, 1994).

β2-microglobulin (β2M) is a membrane protein of major histocompatibility complex HLA. β2M
excretion is used for evaluation of nephrotoxic renal damage (aminoglycoside antibiotics,
heavy metal salts) (Guder, 2008). It should be noted that determination β2M for evaluation
function of transplanted kidney may be ambiguous because of coexistence of many factors
influencing its plasma and urinary concentration (e.g. toxic drugs action, ischemia reperfusion
complications or renal graft rejection). Measurement of urinary β2M may be helpful in
evaluation of the condition of transplanted kidney, however the interpretation of result should
be careful because of the plurality of factors influencing β2M plasma concentration, renal
filtration ability and tubular function (Kuźniar et al., 2006).

4. Markers of inflammatory reaction connected with acute renal failure

Neutrophil gelatinase-associated lipocalin (NGAL) is a glycoprotein expressed and secreted
by immune cells, trachea, stomach, colon, and injured kidney epithelial cells as an monomer
(22 kDa), dimer or trimer. NGAL may complex with collagenase type IV of human neutrophils
named gelatinase B or metalloproteinase 9 (MMP-9) creating heterodimer (125 kDa) (Flower,
1996). NGAL binds and transports small lipophilic molecules e.g. free fatty acids, retinoids,
arachidonic acid, and steroids (Mishra et al., 2003). NGAL is considered as provider iron to
proximal renal tubules. Iron stimulates oxygenase synthesis which protects renal tubules cells.
NGAL may be applied as a predictor of ischemic or toxic renal damage, before development
of a full symptomatic renal insufficiency. Increase in urinary NGAL concentration is early,
sensitive and non-invasive marker of renal damage correlating with intensity and time of
ischemia and preceding increase in other markers such as hexosaminidase or β2-microglobu‐
lin. A strict correlation between NGAL concentration and degree of proteinuria was demon‐
strated (Flower, 1996). NGAL activated formation of nephrons in early step of renal
development demonstrates a protective action in kidney (Mori & Nakao, 2007). Low molecular
weight, resistant to degradation NGAL is easily excreted by cells of thick ascending arm of
Henry loops and collective tubules into urine both free and in complex with MMP-9. Increase
in urinary excretion of NGAL is observed several hours after stimuli of nephrotoxic factor. As
concentration of urinary NGAL correlates with plasma NGAL concentration, NGAL may be
an useful marker in diagnostics of renal diseases (Nickolas et al., 2008). There is an opinion
that NGAL is the most promising biomarker for diagnosis of acute renal injury (AKI) in acute
renal graft dysfunction (Halawa, 2011; Ting et al., 2012; Hollmen, 2011).
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Kidney injury molecule-1 (KIM-1) is a transmembrane glycoprotein receptor (104 kDa)
appearing as KIM-1a and KIM 1b. KIM-1 is produced in large quantities in renal proximal
tubules after a toxic or ischemic damage. It is assumed that direct cause of KIM-1 induction is
an increase of the protein concentration in glomerular ultrafiltration and presence of urinary
protein casts favoring tubular obstruction, mechanical stress and an increase in glomerular
pressure. An increase in urinary KIM-1 excretion is specific to the ischemic renal damage and
is practically independent of chronic renal insufficiency or renal tract infection (Nickolas et al.,
2008; Melnikov & Molitoris, 2008). It was reported that KIM-1 extracellular domain (fragment
90 kDa) reaches urine after cleavage by metalloproteinase (Han et al., 2002; Waanders et al.,
2010). Urinary KIM-1 is particularly important in the diagnosis of the acute transplanted
kidney insufficiency(AKI) (Halawa, 2011). As in renal graft recipients, contrary to urinary
NGAL or IL-18, KIM determination gives better possibility for predicting a rate of the trans‐
planted kidney deterioration (Szeto et al., 2010), KIM-1 was proposed as an independent
predictor of the long term renal graft survival (Ting et al., 2012).

5. Proteins degrading extracellular matrix (ECM)

Urokinase-type plasminogen activator (uPA) and its specific receptor (uPAR) regulate renal
allograft function. Allogenic renal graft uPAR deficiency, strongly attenuates ischemia
reperfusion injury and acute kidney allograft rejection. Deficiency of uPAR in renal graft
diminished generation of reactive oxygen species and renal cells apoptosis (Gueler et al.,
2008). Therefore serum and urinary uPA may be treated as an early marker of the acute kidney
transplant rejection (Alachkar, 2012).

Matrix metalloproteinases (MMPs) are extracellular proteases which depend on bound Ca2+

and Zn2+ for activity. Urinary panel of metalloproteinases was proposed for the early diagnosis
of renal allograft rejection (Metzger et al., 2011; Sánchez-Escuredo et al., 2010; Hu et al., 2010).

Tissue inhibitors of metalloproteinases (TIMP) are extracellular inhibitors protease-specific,
which bind tightly to the activated protease, blocking its activity. Presently 2% to 4% of renal
allografts are rejected one year after from transplantation, because of chronic allograft injury.
Mazanowska et al. (Mazanowska et al., 2011) suggest that determination of TIMP in urine may
confirm the process of an active rejection of the transplanted kidney.

6. Immunological mediators of inflammatory state and fibrosis of renal
tissue

Urinary chemokines CXCL9 and CXCL10 may be treated as noninvasive screening markers
of renal graft rejection in patients with interstitial fibrosis and tubular atrophy (IF/TA), leading
to shorter life span of renal graft (Jackson et al., 2011; Schaub et al., 2009). Urinary CXCL10
may be a useful noninvasive screening test for tubulitis in renal graft recipients, and urinary
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Henry loops and collective tubules into urine both free and in complex with MMP-9. Increase
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that NGAL is the most promising biomarker for diagnosis of acute renal injury (AKI) in acute
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CXCL10 concentration above 1,97 ng /mmol of creatinine is a threshold for consideration of
renal biopsy (Ho et al., 2011).

6.1. Immunological markers of renal inflammatory state

Macrophage inflammatory protein 3alpha (MIP-3alpha), chemokine C-C ligand 20
(CCL20) is a major chemokine expressed by epithelial cells that attracts immature dendritic
cells (DC). Graft-infiltrating dendritic cells (DC) and alloreactive T lymphocytes play a critical
role in renal allograft rejection. Renal proximal tubular epithelial cells (TEC) are considered as
an active players in the attraction of leukocytes during renal inflammatory responses. A
significant increase in the excretion of major intrinsic protein MIP-3α/CCL20 to urine was
observed in renal graft recipients with symptoms of graft rejection (Woltman et al., 2005; Peng
et al., 2008).

Growth-related oncogene-alpha (Gro-alpha) is an analog of the keratinocyte-derived
chemokine(KC). An increase in serum and urinary analog of Gro-alpha in the experimental
renal damage appears the earliest and persists the longest among the 18 chosen cytokines and
chemokines (Molls et al., 2006). Serum and urinary Gro-alpha were the highest 3 hours after
ischemia, while histological changes were evident after one hour, whereas serum creatinine
increased 24 hours after ischemia. Urinary concentration of Gro-α increased significantly in
renal graft recipients who required dialysis in comparison to people with normal renal graft
function. Urinary Gro-α is considered as an early marker of diagnosis and prognosis of acute
kidney injury (AKI) resulted from ischemia (Molls et al., 2006). It was reported that Gro-alfa,
significantly increased in patients who received cadaver kidney with poor function and from
living donors with minimal ischemia. Therefore determination of KC and Gro-α may be used
as biomarkers in the diagnosis of ischemic acute renal failure (ARF) and in the early diagnosis
and prognosis of renal ischemia-reperfusion injury (IRI). IRI is the most frequent cause of acute
kidney injury (AKI) and acute renal failure in delayed function graft received from a cadaver
(Molls et al., 2006).

Interleukin (IL-18) is a proinflammatory cytokine released to urine by epithelium of renal
proximal tubules after stimuli of nephrotoxic factor. Urinary IL-18 concentration >100 pg/mg
of urinary creatinine is a good diagnostic marker of the acute renal damage and mortality of
patients in intensive care units (Parikh et al., 2005) as well as a predictor of the delayed graft
function. It seems that urinary IL-18 helps for a detection of the very early stage of kidney
damage caused by ischemia or tubular nephrotoxins and plays a role in detecting prerenal
nitrogenemia, chronic renal insufficiency and urinary tract infection (Parikh et al., 2005).
Furthermore urinary Il-18 is an early predictive biomarker of the acute kidney injury after
cardiac surgery (Parikh et al., 2005). IL-18- proinflammatory cytokine caspase-1 dependent
(both derived from ischemic renal proximal tubular cells) is a proinflammatory cytokine
activated in damaged renal tubules by caspase -1 and released to urine in a case of the acute
kidney injury (AKI). A significant increase in urinary concentration of IL –18 and NGAL after
transplantation, however before delay in the renal graft function, was found. IL-18 is also a
predictor of the AKI severity preceding the increase in serum creatinine (Dinarello, 1999).
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Granzymes (granule-associated enzymes) are serine proteases (27-32kDa) of the chymotrypsin
family. Granzyme B (GzmB) and Fas-ligand (FAS-L) are cytotoxic molecules involved in the
acute renal graft rejection (AR) by the induction of DNA fragmentation of damaged cells
(Yannaraki et al., 2006). Granzyme A (GzmA) is a specific noninvasive immunological
biomarker for monitoring renal graft condition which facilitate diagnosis and treatment after
transplant complications. Granzyme A (GzmA) besides involvement in apoptosis may act as
mitogen of B lymphocytes. GzmA is a noninvasive biomarker differentiating patients with
subclinical and acute renal graft rejection from patients with renal tubular necrosis or persons
with stabile renal graft (van Ham et al., 2010 ).

6.2. Immunological markers of renal fibrosis

Chemokine regulated upon activation in normal T cells expressed and secreted (RANTES/
CCL5) is a chemokine of the beta subfamily secreted by macrophages and T lymphocytes.
RANTES can signal through CCR1, CCR3, CCR5 and US28(cytomegalovirus receptor)
receptors. It is chemoattractant towards monocytes, memory T cells(CD4+/CD45RO+),
basophils, and neutrophils. RANTES occurs in increased amounts in diseased kidneys and
indicate on interstitial inflammatory changes of the tubular cells at the early stages of acute
kidney injury, skin or heart graft rejection (Koga et al., 2000; Gwinner, 2007). RANTES
expressed in renal different cells (mesanglial cells, endothelium of renal tubules, fibroblasts,
lymphocytes) plays an active role in acute and chronic kidney inflammation and development
of tubule-interstitial damage. (Baer et al., 2005) reported absence of significant differences in
plasma and urinary RANTES in patients with acute renal graft rejection and recipients with
normal graft function. Therefore RANTES is not suitable for detection of early kidney graft
rejection. However an significant increase in the serum and urinary RANTES was observed
immediately after renal transplantation which may reflect an activation of the immunological
systems.

Transforming growth factor beta (TGF-β) is responsible for exacerbation of fibrosis, controls
growth and differentiation of cells and production of extracellular matrix as well as regulates
cellular migration. A participation of TGF-ß1 in lung and kidney fibrosis during chronic
allograft rejection was reported by (Awad et al.,1998; Bartnard et al., 1990). Increased excretion
of urinary TGF-β was proposed as a marker of the intrarenal production and activity of TGF-
ß1 in kidney. An increase in the urinary TGF-ß1 was reported in different nephropathies
particularly significant in patients with heavy proteinuria (Schnaper et al., 2003; Böttinger &
Bitzer, 2002). The 6-12 month immunosuppression with cyclosporine in renal-transplant
recipients caused development of a chronic interstitial nephropathy with decreased GFR.
Cyclosporine A (CsA) facilitate the expression of TGF-β in renal tubular cells and cells of renal
juxtaglomerular apparatus. Furthermore, CsA stimulates T lymphocytes and endothelial cell
to a TGF-β 1 production. Expression of TGF-β 1 is CsA dose dependent. High doses of CsA
are risk factors of chronic graft dysfunction, among kidney recipients (Boratyńska et al., 2003).

Vascular endothelial growth factor (VEGF) a dimeric protein containing subunits constituted
of 121, 165, 189 or 206 amino acids is a proangiogenic growth factor. In patients with symptoms
of acute renal graft rejection high urinary VEGF concentration was found in comparison to
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CXCL10 concentration above 1,97 ng /mmol of creatinine is a threshold for consideration of
renal biopsy (Ho et al., 2011).

6.1. Immunological markers of renal inflammatory state

Macrophage inflammatory protein 3alpha (MIP-3alpha), chemokine C-C ligand 20
(CCL20) is a major chemokine expressed by epithelial cells that attracts immature dendritic
cells (DC). Graft-infiltrating dendritic cells (DC) and alloreactive T lymphocytes play a critical
role in renal allograft rejection. Renal proximal tubular epithelial cells (TEC) are considered as
an active players in the attraction of leukocytes during renal inflammatory responses. A
significant increase in the excretion of major intrinsic protein MIP-3α/CCL20 to urine was
observed in renal graft recipients with symptoms of graft rejection (Woltman et al., 2005; Peng
et al., 2008).

Growth-related oncogene-alpha (Gro-alpha) is an analog of the keratinocyte-derived
chemokine(KC). An increase in serum and urinary analog of Gro-alpha in the experimental
renal damage appears the earliest and persists the longest among the 18 chosen cytokines and
chemokines (Molls et al., 2006). Serum and urinary Gro-alpha were the highest 3 hours after
ischemia, while histological changes were evident after one hour, whereas serum creatinine
increased 24 hours after ischemia. Urinary concentration of Gro-α increased significantly in
renal graft recipients who required dialysis in comparison to people with normal renal graft
function. Urinary Gro-α is considered as an early marker of diagnosis and prognosis of acute
kidney injury (AKI) resulted from ischemia (Molls et al., 2006). It was reported that Gro-alfa,
significantly increased in patients who received cadaver kidney with poor function and from
living donors with minimal ischemia. Therefore determination of KC and Gro-α may be used
as biomarkers in the diagnosis of ischemic acute renal failure (ARF) and in the early diagnosis
and prognosis of renal ischemia-reperfusion injury (IRI). IRI is the most frequent cause of acute
kidney injury (AKI) and acute renal failure in delayed function graft received from a cadaver
(Molls et al., 2006).

Interleukin (IL-18) is a proinflammatory cytokine released to urine by epithelium of renal
proximal tubules after stimuli of nephrotoxic factor. Urinary IL-18 concentration >100 pg/mg
of urinary creatinine is a good diagnostic marker of the acute renal damage and mortality of
patients in intensive care units (Parikh et al., 2005) as well as a predictor of the delayed graft
function. It seems that urinary IL-18 helps for a detection of the very early stage of kidney
damage caused by ischemia or tubular nephrotoxins and plays a role in detecting prerenal
nitrogenemia, chronic renal insufficiency and urinary tract infection (Parikh et al., 2005).
Furthermore urinary Il-18 is an early predictive biomarker of the acute kidney injury after
cardiac surgery (Parikh et al., 2005). IL-18- proinflammatory cytokine caspase-1 dependent
(both derived from ischemic renal proximal tubular cells) is a proinflammatory cytokine
activated in damaged renal tubules by caspase -1 and released to urine in a case of the acute
kidney injury (AKI). A significant increase in urinary concentration of IL –18 and NGAL after
transplantation, however before delay in the renal graft function, was found. IL-18 is also a
predictor of the AKI severity preceding the increase in serum creatinine (Dinarello, 1999).
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Granzymes (granule-associated enzymes) are serine proteases (27-32kDa) of the chymotrypsin
family. Granzyme B (GzmB) and Fas-ligand (FAS-L) are cytotoxic molecules involved in the
acute renal graft rejection (AR) by the induction of DNA fragmentation of damaged cells
(Yannaraki et al., 2006). Granzyme A (GzmA) is a specific noninvasive immunological
biomarker for monitoring renal graft condition which facilitate diagnosis and treatment after
transplant complications. Granzyme A (GzmA) besides involvement in apoptosis may act as
mitogen of B lymphocytes. GzmA is a noninvasive biomarker differentiating patients with
subclinical and acute renal graft rejection from patients with renal tubular necrosis or persons
with stabile renal graft (van Ham et al., 2010 ).

6.2. Immunological markers of renal fibrosis

Chemokine regulated upon activation in normal T cells expressed and secreted (RANTES/
CCL5) is a chemokine of the beta subfamily secreted by macrophages and T lymphocytes.
RANTES can signal through CCR1, CCR3, CCR5 and US28(cytomegalovirus receptor)
receptors. It is chemoattractant towards monocytes, memory T cells(CD4+/CD45RO+),
basophils, and neutrophils. RANTES occurs in increased amounts in diseased kidneys and
indicate on interstitial inflammatory changes of the tubular cells at the early stages of acute
kidney injury, skin or heart graft rejection (Koga et al., 2000; Gwinner, 2007). RANTES
expressed in renal different cells (mesanglial cells, endothelium of renal tubules, fibroblasts,
lymphocytes) plays an active role in acute and chronic kidney inflammation and development
of tubule-interstitial damage. (Baer et al., 2005) reported absence of significant differences in
plasma and urinary RANTES in patients with acute renal graft rejection and recipients with
normal graft function. Therefore RANTES is not suitable for detection of early kidney graft
rejection. However an significant increase in the serum and urinary RANTES was observed
immediately after renal transplantation which may reflect an activation of the immunological
systems.

Transforming growth factor beta (TGF-β) is responsible for exacerbation of fibrosis, controls
growth and differentiation of cells and production of extracellular matrix as well as regulates
cellular migration. A participation of TGF-ß1 in lung and kidney fibrosis during chronic
allograft rejection was reported by (Awad et al.,1998; Bartnard et al., 1990). Increased excretion
of urinary TGF-β was proposed as a marker of the intrarenal production and activity of TGF-
ß1 in kidney. An increase in the urinary TGF-ß1 was reported in different nephropathies
particularly significant in patients with heavy proteinuria (Schnaper et al., 2003; Böttinger &
Bitzer, 2002). The 6-12 month immunosuppression with cyclosporine in renal-transplant
recipients caused development of a chronic interstitial nephropathy with decreased GFR.
Cyclosporine A (CsA) facilitate the expression of TGF-β in renal tubular cells and cells of renal
juxtaglomerular apparatus. Furthermore, CsA stimulates T lymphocytes and endothelial cell
to a TGF-β 1 production. Expression of TGF-β 1 is CsA dose dependent. High doses of CsA
are risk factors of chronic graft dysfunction, among kidney recipients (Boratyńska et al., 2003).

Vascular endothelial growth factor (VEGF) a dimeric protein containing subunits constituted
of 121, 165, 189 or 206 amino acids is a proangiogenic growth factor. In patients with symptoms
of acute renal graft rejection high urinary VEGF concentration was found in comparison to

Utility of Urinary Biomarkers in Kidney Transplant Function Assessment
http://dx.doi.org/10.5772/54746

69



people with normal function of renal graft. Therefore monitoring of urinary VEGF was
proposed as a marker of detection acute renal graft rejection and the evaluation of the
effectiveness of immunotherapy (Peng et al., 2008; Alachkar, 2012).

Hepatocyte growth factor (HGF) induces angiogenesis by stimulation proliferation, migration
and adhesion of endothelial cells. Urinary HGF concentration was highest at the first day after
transplantation, decreased quickly within next week and later remained on the same level.
Determination of the urinary HGF immediately after kidney transplantation may be a quick,
noninvasive marker of long lasting renal graft function (Kwiatkowska et al., 2010).

Endothelin-1 (ET-1) is the strongest vasoconstrictory factor produced by endothelium of blood
vessels, glomerular mesangium, renal tubular cells, fibroblasts and macrophages. ET-1
regulates fibrosis by joining interstitial fibroblasts, initiation its proliferation and synthesis of
extracellular matrix as well as chemotactic action on macrophages. ET-1 is degraded mostly
in lungs and kidneys. Urinary ET-1 excretion reflects its renal production. Increase in ET-1
gene expression and urinary excretion correlates positively with proteinuria and negatively
with creatinine clearance (Grenda et al., 2007; Saurina et al., 2007). Plasma and urinary ET-1
concentrations are increased in patients treated with Cyclosporine A and FKJ506. Cyclosporine
A and FK506 are calcineurine inhibitors broadly applied for immunosuppression in kidney
transplant patients. Cyclosporine A and FK506 significantly improve graft survival. However
graft recipients may die because of cardiovascular complications as 80% of renal graft recipi‐
ents reveal vascular hypertension. Increased ET-1 concentration may reflect activation of the
ET-1 system in chronic insufficiency of transplanted kidney (Slowinski et al., 2002).

Monocyte chemotactic peptide-1 (MCP-1/CCL2) mediates recruitment of inflammatory cells:
monocytes/macrophages and lymphocytes T, to renal tubules damaged by high concentrations
of albumin in tubules. A strict relationship between albuminuria, urinary MCP-1/CCL2 and
macrophage infiltration in damaged loci, was demonstrated (Urbschat et al., 2011; Viedt &
Orth, 2002). In patients with acute renal graft rejection urinary concentration of MPC-1,
determined by ELISA, was ten times higher than in patients with stable graft function
(Dubiński et al., 2008). Since chronic damage to renal graft as a result of gradual fibrosis and
tubular damage (IF/TA) is the most frequent cause of graft loss, urinary CCL2 may be treated
as an independent prognostic marker of development of IF/TA during the next 24 months (Ho
et al., 2010).

Fractalkine (CX3CL1) is a chemokine from the CX3C group of complement system, stimulated
by CX3CR1 receptor connected to G protein. In experimental renal disease induced by albumin
overload and proceeding with proteinuria, increased expression of fractalkine gene correlates
with applied albumin dose and time of albumin interaction with the renal tubular cells
(Donadelli et al., 2003). Fractalkine urinary concentration is a noninvasive method for detection
of acute renal graft rejection (Peng et al., 2008).

Angiotensin II (Ang II) is an important intrarenal factor favoring processes of inflammation
and fibrosis by an increase in the expression of the proinflammatory genes (IL-6, TNFα, MCP-1,
RANTES). According to latest opinions the urinary concentration of angiotensinogen, reflects
amounts of produced Ang II inside the kidney better, than immediate evaluation of Ang II in
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the urine. Improvement of the ELISA method for determination of human urinary angioten‐
sinogen, may allow to disclose influence of Ang II on intrarenal destructive processes
(Yamamoto et al., 2007; Katsurada et al., 2007).

Complement is a major mediator system in pathogenesis of various kidney diseases. The
presence and localization of complement components in glomerulus and/or the tubule-
interstitial area provides diagnostic tools for several human renal diseases (Zoja et al., 2003;
Lisowska-Myjak, 2010). Increase in urinary excretion of complement components in patients
with proteinuria significantly correlate with urinary excretion of total proteins and decrease
in renal function. Therefore increase in urinary C5b-9 in patients with proteinuria may by
prognostic marker for the development of kidney insufficiency (Eddy, 2002). Accelerated C3
activation at renal proximal tubules in diseases proceeding with proteinuria are result of
increased intratubular protein catabolism, with accompanying increase in ammonia (activator
of alternative pathway of complement activation) (Morita et al., 2000; Abbate et al., 2008;
Sheerin et al., 2008; Lederer et al., 2003). Everyday urinary determination of C5A and TCC may
be a sensitive and reliable marker of the acute insufficiency of the transplanted kidney and
predictor of graft rejection (Müller et al., 1997).

Galectin 3 (Gal-3) is a beta-galactoside-binding lectin in diverse fibrotic tissues. Gal 3 plays
an important role in fibrosis of transplanted kidney and may be a potential marker of chronic
allograft impairment (CAI) (Dang et al., 2012).

7. Tubular enzymes

Currently, in clinical diagnostic practice for renal parenchymal tubular impairment, assess‐
ment of urinary enzymes is used. Particular advantage of urinary enzymes determination is
its localization in appropriate renal cells (glomeruli, tubules) and their organelles (cytoplasm,
lysosomes, membranes), which may deliver detailed information concerning nature and
dimension of the renal cells damage and an evaluation of their dysfunction or necrosis
(Westhuyzen et al., 2003; Trof et al., 2006). Routine, simple, cheap and broadly available
spectrophotometric methods are applied for measurement of urinary enzymes activity. An
increase in urinary excretion of enzymes reflects damage of particular renal section (D‘Amico
& Bazzi, 2003; Jung et al., 1986). Determination of urinary FBP-1,6, NAG, glutathione-S-
transferase and pyruvate kinase has recently been recommended for the diagnosis of kidney
disease and early detection of transplant rejection (Kotanko et al., 1997; Kotanko et al., 1986).

7.1. Enzymes of brush border membranes

Gamma-glutamyltransferase (GGT) – is connected with cellular membranes of liver, kidney,
pancreas and prostatic gland (Kuźniar et al., 2006). Serial determination of urinary enzymes
is a reliable proof for nephrotoxicity resulted from long term cyclosporine A treatment. Lack
of enzymuria indicates a recovery of renal tubules to normal function (Tataranni et al., 1992).

Alkaline phosphatase (AP) – is present in cellular membranes of many tissues, mainly bonds,
liver and intestine where it participates in metabolism of organic phosphates. Frequent cause
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people with normal function of renal graft. Therefore monitoring of urinary VEGF was
proposed as a marker of detection acute renal graft rejection and the evaluation of the
effectiveness of immunotherapy (Peng et al., 2008; Alachkar, 2012).

Hepatocyte growth factor (HGF) induces angiogenesis by stimulation proliferation, migration
and adhesion of endothelial cells. Urinary HGF concentration was highest at the first day after
transplantation, decreased quickly within next week and later remained on the same level.
Determination of the urinary HGF immediately after kidney transplantation may be a quick,
noninvasive marker of long lasting renal graft function (Kwiatkowska et al., 2010).

Endothelin-1 (ET-1) is the strongest vasoconstrictory factor produced by endothelium of blood
vessels, glomerular mesangium, renal tubular cells, fibroblasts and macrophages. ET-1
regulates fibrosis by joining interstitial fibroblasts, initiation its proliferation and synthesis of
extracellular matrix as well as chemotactic action on macrophages. ET-1 is degraded mostly
in lungs and kidneys. Urinary ET-1 excretion reflects its renal production. Increase in ET-1
gene expression and urinary excretion correlates positively with proteinuria and negatively
with creatinine clearance (Grenda et al., 2007; Saurina et al., 2007). Plasma and urinary ET-1
concentrations are increased in patients treated with Cyclosporine A and FKJ506. Cyclosporine
A and FK506 are calcineurine inhibitors broadly applied for immunosuppression in kidney
transplant patients. Cyclosporine A and FK506 significantly improve graft survival. However
graft recipients may die because of cardiovascular complications as 80% of renal graft recipi‐
ents reveal vascular hypertension. Increased ET-1 concentration may reflect activation of the
ET-1 system in chronic insufficiency of transplanted kidney (Slowinski et al., 2002).

Monocyte chemotactic peptide-1 (MCP-1/CCL2) mediates recruitment of inflammatory cells:
monocytes/macrophages and lymphocytes T, to renal tubules damaged by high concentrations
of albumin in tubules. A strict relationship between albuminuria, urinary MCP-1/CCL2 and
macrophage infiltration in damaged loci, was demonstrated (Urbschat et al., 2011; Viedt &
Orth, 2002). In patients with acute renal graft rejection urinary concentration of MPC-1,
determined by ELISA, was ten times higher than in patients with stable graft function
(Dubiński et al., 2008). Since chronic damage to renal graft as a result of gradual fibrosis and
tubular damage (IF/TA) is the most frequent cause of graft loss, urinary CCL2 may be treated
as an independent prognostic marker of development of IF/TA during the next 24 months (Ho
et al., 2010).

Fractalkine (CX3CL1) is a chemokine from the CX3C group of complement system, stimulated
by CX3CR1 receptor connected to G protein. In experimental renal disease induced by albumin
overload and proceeding with proteinuria, increased expression of fractalkine gene correlates
with applied albumin dose and time of albumin interaction with the renal tubular cells
(Donadelli et al., 2003). Fractalkine urinary concentration is a noninvasive method for detection
of acute renal graft rejection (Peng et al., 2008).

Angiotensin II (Ang II) is an important intrarenal factor favoring processes of inflammation
and fibrosis by an increase in the expression of the proinflammatory genes (IL-6, TNFα, MCP-1,
RANTES). According to latest opinions the urinary concentration of angiotensinogen, reflects
amounts of produced Ang II inside the kidney better, than immediate evaluation of Ang II in
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the urine. Improvement of the ELISA method for determination of human urinary angioten‐
sinogen, may allow to disclose influence of Ang II on intrarenal destructive processes
(Yamamoto et al., 2007; Katsurada et al., 2007).

Complement is a major mediator system in pathogenesis of various kidney diseases. The
presence and localization of complement components in glomerulus and/or the tubule-
interstitial area provides diagnostic tools for several human renal diseases (Zoja et al., 2003;
Lisowska-Myjak, 2010). Increase in urinary excretion of complement components in patients
with proteinuria significantly correlate with urinary excretion of total proteins and decrease
in renal function. Therefore increase in urinary C5b-9 in patients with proteinuria may by
prognostic marker for the development of kidney insufficiency (Eddy, 2002). Accelerated C3
activation at renal proximal tubules in diseases proceeding with proteinuria are result of
increased intratubular protein catabolism, with accompanying increase in ammonia (activator
of alternative pathway of complement activation) (Morita et al., 2000; Abbate et al., 2008;
Sheerin et al., 2008; Lederer et al., 2003). Everyday urinary determination of C5A and TCC may
be a sensitive and reliable marker of the acute insufficiency of the transplanted kidney and
predictor of graft rejection (Müller et al., 1997).

Galectin 3 (Gal-3) is a beta-galactoside-binding lectin in diverse fibrotic tissues. Gal 3 plays
an important role in fibrosis of transplanted kidney and may be a potential marker of chronic
allograft impairment (CAI) (Dang et al., 2012).

7. Tubular enzymes

Currently, in clinical diagnostic practice for renal parenchymal tubular impairment, assess‐
ment of urinary enzymes is used. Particular advantage of urinary enzymes determination is
its localization in appropriate renal cells (glomeruli, tubules) and their organelles (cytoplasm,
lysosomes, membranes), which may deliver detailed information concerning nature and
dimension of the renal cells damage and an evaluation of their dysfunction or necrosis
(Westhuyzen et al., 2003; Trof et al., 2006). Routine, simple, cheap and broadly available
spectrophotometric methods are applied for measurement of urinary enzymes activity. An
increase in urinary excretion of enzymes reflects damage of particular renal section (D‘Amico
& Bazzi, 2003; Jung et al., 1986). Determination of urinary FBP-1,6, NAG, glutathione-S-
transferase and pyruvate kinase has recently been recommended for the diagnosis of kidney
disease and early detection of transplant rejection (Kotanko et al., 1997; Kotanko et al., 1986).

7.1. Enzymes of brush border membranes

Gamma-glutamyltransferase (GGT) – is connected with cellular membranes of liver, kidney,
pancreas and prostatic gland (Kuźniar et al., 2006). Serial determination of urinary enzymes
is a reliable proof for nephrotoxicity resulted from long term cyclosporine A treatment. Lack
of enzymuria indicates a recovery of renal tubules to normal function (Tataranni et al., 1992).

Alkaline phosphatase (AP) – is present in cellular membranes of many tissues, mainly bonds,
liver and intestine where it participates in metabolism of organic phosphates. Frequent cause
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of deterioration to the renal graft function is nephrotoxicity of immunosuppressive drugs (e.g.
cyclosporin A) reflected by increase in activity of urinary enzymes : ALP, LDH, GGT, beta-
glucuronidase (Refaie et al., 2000; Takahashi et al., 1989; Simić-Ogrizović et al., 1994).

Alanylaminopeptidase (AAP) – proteolytic enzyme degrading oligopeptides. Increases in
urinary concentration of hexosaminidase and AAP accompany acute renal tubular necrosis,
renal graft rejection or nephrotoxic action of immunosuppresive drugs (e.g. cyclosporin A)
administered to patients after kidney transplantat (Kuźniar et al., 2006; Lisowska-Myjak,
2010; Santos et al., 2010). Increases in urinary excretion of tubular enzymes testifies tubular
brush border membrane damage with a loss of microvillus structure (Westhuyzen et al., 2003).

7.2. Cytosolic enzymes

Glutathione S-transferase (alpha-GST, pi-GST) is a specific cytoplasmic enzyme of tubular
epithelial cells consisting of two isoenzymes: α-GST with alkaline and πi-GST with acidic pH
optimum. GST-α appears in epithelium of proximal tubular cells and GST-π in distal tubules
(Branten et al., 2000). Determination in urine α-GST and, π-GST is applied to diagnosis acute
renal graft rejection with acute tubular necrosis (Kuźniar et al., 2006; Polak, 1999). Differenti‐
ated increase in urinary GST- alpha and GST- pi excretion may point to localization of an
nephron damage (Westhuyzen et al., 2003; Trof et al., 2006; Herget-Rosenthal et al., 2004;
Branten et al., 2000; Gautier et al., 2010).

Fructose-1,6-bisphosphatase (FBP-1,6) is localized mostly in contorted and to less extend in
straight part of proximal renal tubules, similarly to hexosaminidase and GST, points to accurate
localization of damaged nephron (Trof et al., 2006; Kotanko et al., 1986). Increase in urinary
FBP-1,6 was observed in patients after kidney transplantat. Urinary FBP-1,6 excretion was
significantly lower in patients with median of cold ischemia below 22 hours, than above 22
hours. Even in lack of graft dysfunction, in situation where it is a long time of cold ischemia,
urinary excretion of FBP-ase correlates with a degree of damage to the renal tubules (Kotanko
et al., 1997). It was reported that a panel of urinary enzymes activities: FBP-ase, glutathione S-
transferase, N-acetyl-beta-D-glucosaminidase and pyruvate kinase is a good marker of the
cyclosporin A nephrotoxicity (Kotanko et al., 1986).

7.3. Renal lysosomal enzymes

N-acetyl-β-D-hexosaminidase (HEX) is one of the most frequently determined urinary
markers of renal tubules damage, because its activity increased at early steps of the renal
tubules damage, before occurrence of disturbances in renal excretory function. Hexosamini‐
dase localized mainly in renal proximal tubular cells, is a specific marker for proximal tubular
cells because its high molecular weight (> 130 kDa) excludes its glomerular filtration. In the
course of active kidney disease HEX activity is constantly increased. An increase in urinary
activity HEX and its isoenzyme B indicate on damage in the renal tubular cells. Therefore
urinary HEX and particularly HEX B activity may be treated as a specific marker of damage
in the renal proximal tubules of the transplanted kidney (Liangos et al., 2007; Holdt−Lehmann
et al., 2000;).
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8. Markers of renal ischemia/reperfusion injury

Leukocyte elastase (LE, neutrophil elastase), is a 30-kDa glycoprotein serine protease released
from neutrophils as a mediator of ischemia/reperfusion injury after renal transplantation.
Urinary LE is a simple noninvasive marker of the neutrophil activation after renal transplantat
(Zynek-Litwin et al., 2010).

9. Biomarkers of dystal renal tubules

In the assessment of distal renal tubule dysfunction it is advised to examine urine osmo‐
larity  and/or  determination  Tamm-Horsfall  glycoprotein  as  well  as  urinary  kallikrein
(Bhoola et al., 1992).

Renal kallikrein is a serine protease which releases vasodilatatory peptides: bradykinine and
calidine, from kininogen. Renal kallikrein is present in renal collecting tubules and is released
to tubular fluid by terminal section of dystal segment of nephron (Manucha & Vallés, 1999;
Thongboonkerd & Malasit, 2005). An increase in activity of urinary kallikrein was observed
in insufficiency and loss of the renal graft function (Krimkevich, 1990).

AnnexinA11 (ANXA11). Annexins are calcium-binding proteins which binds to acidic
phospholipid and F-actin. Depending on calcium concentration Annexin A 11 participate in
signal transduction, cell proliferation, regulation of vesicular transport and interaction with
the cell membranes. Annexin occurs in high quantities in renal distal tubular cells and
epithelium of renal glomeruli. Annexin physiologic role seems to be related to cell apoptosis
(Rodrigues-Garcia et al., 1996). Significant correlation between urinary Annexin V and other
proteins and lack of correlation with urinary urea and creatinine concentration suggests that
Annexin V is not an indicator of kidney function, but rather reflects local kidney damage
(Matsuda et al., 2000). Annexin A11 may act as an atypical calcium channel and useful marker
of acute and chronic renal graft rejection (Srivastava et al., 2011)

Renal papillary antigen-1 (RPA-1) a renal papillary antigen-1, sensitive and specific antigen
of renal papillary cells is a sensitive and specific urinary marker of damage renal collecting
tubules (Gautier et al., 2010).

Prominin-2 (PROM-2) analog of CD133 (prominin-1) is an membrane glycoprotein (112kD)
with the highest expression in epithelial cells of matured kidney. Prominin-2 is a cholesterol-
binding protein associated with apical and basolateral plasmalemmal protrusions in polarized
epithelial cells and released into urine (Florek et al., 2007) and a novel marker of distal tubules
and collecting ducts of the human and murine kidney (Jászai et al., 2010).

μ-glutathione-S-transferase (μ-GST) is a conjugating glutathione with electrophilic com‐
pounds that occurs in epithelial cells of ascending part of Henle’s loop (Gautier et al., 2010;
Holmquist & Torffvit, 2008). After nephrotoxic drugs treatment (e.g. cisplatin) μ-GST quickly
appear in urine. μ-GST is a more specific marker of nephrotoxicity (AUC 1.000) than α-GST
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of deterioration to the renal graft function is nephrotoxicity of immunosuppressive drugs (e.g.
cyclosporin A) reflected by increase in activity of urinary enzymes : ALP, LDH, GGT, beta-
glucuronidase (Refaie et al., 2000; Takahashi et al., 1989; Simić-Ogrizović et al., 1994).

Alanylaminopeptidase (AAP) – proteolytic enzyme degrading oligopeptides. Increases in
urinary concentration of hexosaminidase and AAP accompany acute renal tubular necrosis,
renal graft rejection or nephrotoxic action of immunosuppresive drugs (e.g. cyclosporin A)
administered to patients after kidney transplantat (Kuźniar et al., 2006; Lisowska-Myjak,
2010; Santos et al., 2010). Increases in urinary excretion of tubular enzymes testifies tubular
brush border membrane damage with a loss of microvillus structure (Westhuyzen et al., 2003).

7.2. Cytosolic enzymes

Glutathione S-transferase (alpha-GST, pi-GST) is a specific cytoplasmic enzyme of tubular
epithelial cells consisting of two isoenzymes: α-GST with alkaline and πi-GST with acidic pH
optimum. GST-α appears in epithelium of proximal tubular cells and GST-π in distal tubules
(Branten et al., 2000). Determination in urine α-GST and, π-GST is applied to diagnosis acute
renal graft rejection with acute tubular necrosis (Kuźniar et al., 2006; Polak, 1999). Differenti‐
ated increase in urinary GST- alpha and GST- pi excretion may point to localization of an
nephron damage (Westhuyzen et al., 2003; Trof et al., 2006; Herget-Rosenthal et al., 2004;
Branten et al., 2000; Gautier et al., 2010).

Fructose-1,6-bisphosphatase (FBP-1,6) is localized mostly in contorted and to less extend in
straight part of proximal renal tubules, similarly to hexosaminidase and GST, points to accurate
localization of damaged nephron (Trof et al., 2006; Kotanko et al., 1986). Increase in urinary
FBP-1,6 was observed in patients after kidney transplantat. Urinary FBP-1,6 excretion was
significantly lower in patients with median of cold ischemia below 22 hours, than above 22
hours. Even in lack of graft dysfunction, in situation where it is a long time of cold ischemia,
urinary excretion of FBP-ase correlates with a degree of damage to the renal tubules (Kotanko
et al., 1997). It was reported that a panel of urinary enzymes activities: FBP-ase, glutathione S-
transferase, N-acetyl-beta-D-glucosaminidase and pyruvate kinase is a good marker of the
cyclosporin A nephrotoxicity (Kotanko et al., 1986).

7.3. Renal lysosomal enzymes

N-acetyl-β-D-hexosaminidase (HEX) is one of the most frequently determined urinary
markers of renal tubules damage, because its activity increased at early steps of the renal
tubules damage, before occurrence of disturbances in renal excretory function. Hexosamini‐
dase localized mainly in renal proximal tubular cells, is a specific marker for proximal tubular
cells because its high molecular weight (> 130 kDa) excludes its glomerular filtration. In the
course of active kidney disease HEX activity is constantly increased. An increase in urinary
activity HEX and its isoenzyme B indicate on damage in the renal tubular cells. Therefore
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8. Markers of renal ischemia/reperfusion injury
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Renal papillary antigen-1 (RPA-1) a renal papillary antigen-1, sensitive and specific antigen
of renal papillary cells is a sensitive and specific urinary marker of damage renal collecting
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with the highest expression in epithelial cells of matured kidney. Prominin-2 is a cholesterol-
binding protein associated with apical and basolateral plasmalemmal protrusions in polarized
epithelial cells and released into urine (Florek et al., 2007) and a novel marker of distal tubules
and collecting ducts of the human and murine kidney (Jászai et al., 2010).

μ-glutathione-S-transferase (μ-GST) is a conjugating glutathione with electrophilic com‐
pounds that occurs in epithelial cells of ascending part of Henle’s loop (Gautier et al., 2010;
Holmquist & Torffvit, 2008). After nephrotoxic drugs treatment (e.g. cisplatin) μ-GST quickly
appear in urine. μ-GST is a more specific marker of nephrotoxicity (AUC 1.000) than α-GST
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(AUC 0.984) or albuminuria (AUC 0.984). μ-GST is an early biomarker for Henle’s loop and
distal tubules damage (Tonomura et al., 2010).

10. The future of biomarkers

Development of new technologies involved in molecular biology, analysis of m-RNA expres‐
sion, proteomics and metabolomics create a possibility of discovery of new markers for early
diagnosis of AKI and IF/TA. Relatively new method of microarrays (microarrays of cDNA and
oligonuclotides- DNA chips) are sets of molecular probes attached to solid background in
strictly determined order constituting two dimensional system of microscopic areas with
defined sequences of nucleic acid. Microarray technology allow for detection of thousands of
molecules of nucleic acids due to possibility of performing simultaneously many hybridization
experiments (Dean et al., 2012). DNA microarrays technology permit for simultaneous
monitoring expression of many genes (Scian et al., 2011). Identification of these genes constitute
further step in earlier diagnosis and better prognosis of TA/IF(tubular atrophy/interstitial
fibrosis).

Proteomic techniques Recently broadly applied proteomic techniques facilitate discovery of
new biomarkers useful in evaluation of transplanted kidney function. Proteomics apply
protein analysis using techniques such as MS e.g. (MALDI-TOF-Matrix Assisted Laser
Desorption Ionisation - Time of Flight; SELDI-TOF-Surface Enhanced Laser Desorption
Ionisation - Time of Flight; ES multielementary I - LTQ – FTICR-Electrospray Ionisation - Linear
Trap Quadrupole - Fourier Transform Ion Cyclotron Resonance). Proteomics combine series
of techniques for simultaneous analysis of hundreds or thousands of cells proteins. Proteomics
objective is not only creation of the list of important proteins, but first of all exploration of
differences in protein profiles of healthy and diseased people. Proteomic identification of
urinary protein profiles is an noninvasive method for detection of renal proximal tubules
dysfunction of transplanted kidney (Srivastava et al., 2011; Gwinner, 2007). Proteomic
techniques are alternative for diagnostics based on single markers, because it allows for
simultaneous analysis of large numbers of protein and peptide markers creating specific
„finger print” of disease. Proteomics determines pattern of expression or secretion taking into
account qualitative and quantitative relations between peptides and proteins produced in
defined pathophysiological conditions.

Metabolomics based on analysis sets of metabolites connected with proteins, lipids, carbohy‐
drates, hormones, etc. evaluate qualitative and quantitative relations between particular
metabolites. Due to metabolomics it is possible to determine definite metabolites characteristic
for specific groups of diseases and changes occurring under influence of genetic and patho‐
physiological stimuli (Wishart, 2006).

New technologies and bioinformatics tools offer tremendous research possibilities which
should make possible now and in the future precise monitoring of kidney graft, allow early
detection and treatment of renal graft rejection and allow both for preventing and treatment
of renal transplant complications as well as to improve number of long term patients survival.
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Leukocyte elastase (LE) + + Zynek-Litwin et al., 2010

SERPING1 + Ling et al., 2010

TIMP1 + Ling et al., 2010

MIP-1delta, + + Hu et al., 2009

Osteoprotegerin + + Hu et al., 2009

VEGF + Peng et al., 2008

fractalkine + Peng et al., 2008

MCP-1 + Dubiński et al., 2008; Urbschat et al., 2011

RBP + Kuźniar et al., 2006; Câmara et al., 2009

Perforin + Oberbauer, 2008

FOXP3 + Oberbauer, 2008

Table 1. Urinary biomarkers for the early detection of acute and chronic allograft dysfunction.

11. Conclusion

In this chapter we presented traditional and new biomarkers for diagnostics and monitoring
condition of transplant kidneys. Urine is practical, easy to obtain, noninvasive material for
diagnosis of kidney diseases. Numerous reports from molecular biology, genetics, proteomics
and metabolomics disclosed an array of new markers specifically connected with damage of
specific nephron segments in the course of successive steps of disease. Particular expectations
are connected with proteins represented particular nephron section, or produced locally in the
place of nephron damage. Presence of cytokines and chemokines in urine is an early sign of
renal inflammatory state, due to influx of granulocytes to the damaged nephron area. Majority
of traditional biomarkers, particularly enzymuria retains diagnostic value in an evaluation of
the renal tubules function. Multitude of presented biomarkers suggest their limited diagnostic
value. Discovering universal marker seems to be very difficult. However, it is potentially more
fruitful to identity the putative biomarker proteins useful in diagnostics of kidney disease.
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Scientiscs are still looking for the “kidney troponin”. Actually, more than ten promising
biomarkers for kidney damage have been identified. The most relevant and the best studied
substances are neutrophil gelatinase-associated lipocalin (NGAL), cystatin C, kidney injury
molecule-1 (KIM-1), beta-2 microglobulin (β2M), and interleukin-18 (IL- 18). In kidney
allograft recipients, urinary KIM-1 expression provides prognostic information in relation to
the rate of renal function decline, irrespective of the kidney pathology (Ting et al., 2012; Han
et al., 2002; Szeto et al., 2010).

Validation of those kidney markers in various pathologic conditions is actually ongoing.
However, the majority of publications reviewed are small cross-sectional studies, and there
are only a handful of longitudinal studies. Another important point is that biomarkers only
have clinical value if the results are reproducible. However none of the biomarkers reviewed
here have been studied in more than 2 longitudinal trials so their clinical applicability needs
to be confirmed in good quality, long-term, large longitudinal trials.

Among enzymes which retain high diagnostic value in diagnostics of renal diseases are:
hexosaminidase and its isoenzyme B as a marker of the proximal tubular damage as well as
AAP or GST as a marker of the tubular brush border membrane. Cytosolic FBP-1,6 is of great
diagnostic value for assessment of graft function. It is commonly believed that appropriate
panel of urinary proteins and enzymes may by a practical marker for evaluation of the nephron
function of transplant kidney and prognosis of the renal allograft fate. In the future, discovery
of new biomarkers and research techniques may change practical approach to treating patients
with renal grafts. In summary we feel it is necessary for an international body to develop a
renal marker utility grading system, to evaluate the usefulness of particular markers of
nephron function and to make recommendations for the use of renal transplant markers,
similar to those instilled for tumor markers (Hayes et al., 1996; Locker et al., 2006).
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1. Introduction

The number of patients treated for end-stage renal failure continuously increases. Because
treatment alternatives are limited and transplants are often the first therapeutic choice, the
numbers of patients joining the waiting lists in countries world-wide rises. At present trans‐
plantation medicine is one of the most progressive fields of medicine. Gradually the “half-life”
of renal transplants improved and the five years survival rate ranges now above 80% [1;2].
Despite of the advances made within the last decades, acute rejection (AR) is still a risk for
graft survival. The incidence of rejection episodes depends on several factors, e.g., the organ
(status), co-morbidities, medication and compliance. Thus, in different situations the incidence
of AR varies between 13-53% in the first year after transplantation [3], and, in most cases,
cellular and humoral immunity mediated rejections can be distinguished. Usually, AR pro‐
ceeds substantially as an acute cellular rejection whereas humoral rejection comprises only a
smaller proportion of AR [4]. Every single episode of an AR is a negative prognostic factor,
increasing the risk for development of chronic allograft deterioration and worsening long-term
graft survival [5;6]. Interestingly, the impact of AR on chronic renal allograft failure as the main
cause for death-censored graft-loss after kidney transplantation increases, whereas the severity
of the episode itself is an independent risk factor [7-9]. Therefore, early detection and rapid
and effective treatment of AR are essential to preserve graft`s function. Clinically established
screening methods such as elevated serum creatinine, occurrence or aggravation of proteinu‐
ria, oliguria, hypertension, graft tenderness, or peripheral edema, often lack the desired sen‐
sitivity and specificity for early diagnoses of AR. Hence,a compelling need for high sensitive
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and specific detection of early AR exists, with core needle biopsy still being the “gold-stand‐
ard” in rejection diagnostics. However, biopsy as an invasive procedure is cumbersome to the
patient, carries the risk of graft injury, and cannot be applied in patients taking anticoagulant
drugs. Additionally, the sampling site is small and one might miss AR, i.e., when rejection is
focal or patchy. Thus, in diagnostics, non-invasive image-based methods visualizing the whole
graft would be superior.

Allograft rejection is the result of interactions between the recipient`s innate and adaptive
immune system and the graft antigens serving as a target. Cytotoxic T lymphocytes (CTLs) are
central effectors within AR whereas B cells and parts of the congenital immunosystem such as
the complement system, monocytes/macrophages, neutrophilic granulocytes, and dendritic
cells, have their share, too [4;10]. By recognition of their donor antigen CTLs are activated,
undergo clonal expansion and differentiation into effector cells. Subsequently, they migrate
into the transplant initiating its destruction [4;10;11]. Before CTLs reach the graft parenchyma,
they have to pass the vascular endothelium. This extravasation is mediated by chemoattractant
cytokines/chemokines. Chemokines induce the expression of vascular adhesion molecules al‐
lowing leukocytes to roll, adhere, and transmigrate into the parenchyma [12]. CTLs destroy
their targets through the release of perforin and granzyme or by initiation of the Fas/FasL
pathway inducing cell death by triggering the inherent caspase-mediated apoptotic response
or caspase-independent cell death [13]. These two cell death-inducing strategies account for
almost all contact-dependent target kills. However, activated CTLs can release additional cy‐
tokines, such as tumor-necrosis factor and interferon causing apoptosis or necrosis upon se‐
cretion [11,13]. Moreover, inflammatory edema and micro thrombi / hemorrhage caused by
damaged endothelium add ischemia-dependent hypoxic damage to the graft [11]. All of these
single, simplified processes sum up and promote allograft dysfunction. However, if they are
characterized at least in part, they can be addressed by different imaging technologies dis‐
cussed in the following.

2. Ultrasound

Standard care in detection of AR includes (Doppler-) ultrasound examination. Typical ultra‐
sound findings in cases of AR are rejection-related graft enlargement (swelling, more globular
shape), reduction of corticomedullary differentiation, increased echogenicity, prominent me‐
dullary pyramids, or irregularities in the graft perfusion (reversed plateau of diastolic flow),
but its specificity and sensitivity for AR is limited, even when echo enhancers are applied
[14;15]. Elevated resistance indices can occur in the presence of acute as well as chronic rejec‐
tion. However, values lower than 0.8 are expected and usually values above 0.8 indicate in‐
creased intrarenal pressure as it occurs for example in acute tubular necrosis (ATN) or AR and
is linked to a poor longterm renal allograft function [16-18]. Notably, sensitivity and reliability
of this method mainly depend on the investigators experience. A comprehensive overview of
“What ultrasound can do and cannot do” in diagnostics of renal transplant pathologies was
published by Cosgrove and Chan [16]. Using contrast agent or targeted ultrasound in the
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future, this method might offer significant potential, whereas at present studies are at best at
experimental stage and are completely lacking in patients with renal AR.

3. Computed tomography

Computed tomography (CT) is commonly available, technology and techniques as well as the
applied contrast media constantly improve. CT contrast agents allow accurate evaluation of
parenchymal, perirenal, renal sinus, pyeloureteral and vascular diseases in renal transplanta‐
tion in great detail and at lower costs than by magnetic resonance (MR) imaging. Information
gathered by CT indicating AR are loss of corticomedullary differentiation, decreased graft
enhancement, and delayed or absent contrast excretion [19]. However, this information is
rather unspecific and the contrast media used still are nephrotoxic. Thus, at present CT has no
role in diagnostics of renal AR.

4. Magnetic resonance imaging

Kalb et al. provide a recent overview about MR-based approaches for functional and structural
evaluations of renal grafts including a section on diagnostics of AR [20]. Beside exact anatom‐
ical information, MR can assess different aspects of renal function. Typical MR findings oc‐
curring in AR are enlargement of the graft (due to edema) with loss of corticomedullary
differentiation and elevated cortical relative signal. There might be edema of and surrounding
the kidney and the ureter. The high spatial and temporal resolution of MR allows perfusion
imaging which might be useful to distinguish AR from ATN. 3D gradient echo perfusion
imaging might show enhancement of the cortex and markedly delayed excretion of contrast
[20]. Recent research with blood-oxygen level-dependent (BOLD) MR was promising for dif‐
ferentiating AR from ATN and a normal functioning kidney [21,22]. Furthermore, MR renog‐
raphy has been applied for diagnosis of the cause of acute dysfunction after kidney
transplantation [23,24]. These two studies rely on quantitative evaluation of the shape of the
renal enhancement curve to diagnose acute dysfunction. One can observe delayed and lower
medullary enhancement in ATN whereas cortical and medullary enhancement curves de‐
crease in AR. However, further studies verifying the results are needed and still some issues
about gadolinium-containing contrast agents and nephrogenic systemic fibrosis and gadoli‐
nium nephrotoxicity need to be resolved. More recently, Yamamoto et al. proposed a new
quantitative analysis method of MR renography, including a multicompartmental tracer ki‐
netic renal model for diagnosis of AR and ATN, but state in their paper that findings in patients
with normal graft function, AR, and ATN showed a substantial overlap with those of the
normal population [25]. Another strategy followed was imaging of macrophage infiltration
with ultrasmall superparamagnetic iron oxide particles [26]. Grafts with AR showed signifi‐
cant accumulation of iron particles but only within a time frame of 72 h which is much too late
for potential clinical application.
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5. Single photon (gamma) imaging and positron emission tomography

Because gamma camera/ single photon emission computer tomography (SPECT) and positron
emission tomography (PET) offer high intrinsic activity, excellent tissue penetration (depend‐
ing on the tracer), cover the whole organ/ body, are relatively independent of the experience
of the investigator and provide a huge variety of clinically tested molecular imaging agents/
tracer, SPECT and PET-based approaches for the detection of renal AR are discussed in the
following [27;28]. Steps of AR addressed by SPECT or PET-based approaches include recruit‐
ment of activated leukocytes into the transplant with consecutive cytokine release, cell death,
edema, hypoxia and loss of function.

A comprehensive overview of the studies performed is provided in Table 1.

SPECT

Target Molecular Marker Graft/Organ Species References

Fibrin thrombi 99mTc-Sulfur Colloid Kidney Human, dog [64;65]

Proximal tubule uptake 99mTc-DMSA Kidney Human [66;67]

Renal uptake and excretion 99mTc-MAG3 Kidney Human [68]

Renal perfusion and filtration 99mTc-pentetate (DTPA) Kidney Human [69;70]

Leukocytes 99mTc-OKT3 Kidney Human [40]

Inflammation 99mTc- Leukocytes Kidney Human [39]

67Ga citrate Kidney Human [64;65]

Renal function 131I-OIH Kidney Human [71]

PET

Metabolism/Inflammation 18F-FDG Kidney Rat [43;44]

Leukocytes 18F-FDG-Leukocytes Kidney Rat In press

A Medline literature search by PubMed was performed to select papers in which AR and SPECT/PET play any role. The
search period was set from 1970 to July 2012. We used ("Acute renal or kidney rejection" and "positron emission to‐
mography (PET)" or "single photon gamma imaging (SPECT)" or "molecular imaging") as search query. Only papers with
an English abstract have been included.

Table 1. Results of literature analysis: SPECT/PET-based diagnosis of renal AR.

5.1. Inflammation

Sterile inflammation is central to the rejection process. Hence, it seems logically to assess in‐
flammatory targets for the diagnosis of AR. In inflammation imaging, one can focus on target
mechanisms such as measurement of the metabolic activity (i.e. with the “classical” tracer 18F-
fluordesoxyglucose (FDG)), binding to cytokines/chemokines (receptors), assessment of phys‐
ically trapped tracers in the inflammatory edema, or using leukocytes. Recently, Signore et
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al. published an excellent review on imaging of inflammation discussing different techniques,
targets, and approaches [27].

5.2. Vascular adhesion molecules

AR is associated with the expression of cell adhesion molecules like vascular cell adhesion
molecule 1 (VCAM-1), intercellular adhesion molecule 1 (ICAM-1), carcinoembryonic antigen-
related cell adhesion molecule 1 (CEACAM1), LFA-1 (lymphocyte function-associated anti‐
gen-1, and endothelial leukocyte adhesion molecule (E-selectin) on the endothelium of organs
undergoing rejection. They are “essentially needed” for the adherence and transmigration of
leukocytes into the parenchyma. Because radiolabeled antibodies exist for some of these easily
accessible vascular targets, they can be addressed by noninvasive imaging. However, data
regarding adhesion markers in SPECT/PET-based imaging are rare and have not been trans‐
ferred to renal AR imaging yet.

5.3. Imaging using ex vivo radiolabeled leukocytes

Because recruitment and activation of inflammatory cells, i.e. lymphocytes, is crucial to AR,
efforts have been made to image infiltration by means of labeled leukocytes. Application of
ex vivo radiolabeled leukocytes is clinically well established particularly in the diagnostic
workup of infectious disorders without a focus. Hitherto, white blood cells (WBC) are labeled
using for instance 99mTc-HMPAO or 111In-oxine for SPECT and 18F-FDG or 64Cu for PET analysis,
respectively [29]. These cells are considered to accumulate highly specific in inflamed tissues
[30-33].

After injection of labeled leukocytes a typical distribution pattern can be observed. First, cells
shortly accumulate in the lungs and then continuously migrate from the blood pool into spleen,
liver, and bonemarrow, the so called reticulo-endothelial system, and certainly in inflamed
sites [34-36]. After endothelial adhesion, labeled leukocytes migrate through the vessel`s wall
to the focus of inflammation providing a typical radioactivity pattern indicating infiltration.
For instance, Forstrom et al. have shown that 18F-FDG labeled leukocytes exhibit comparable
distribution patterns in normal human subjects compared with 111In or 99mTc-labeled WBC [37].
Although 18F-FDG seems to exhibit the lowest labeling stability when compared to 111In and
64Cu only neglectible free 18F-FDG uptake can be observed [37]. However, labeling stability is
relevant in order to assure that assessed activity refers to accumulation of labeled leukocytes
and not to the unlabeled tracer only. Since half-life time of 18F-FDG is 109 min, longtime stability
of 18F-FDG labeled leukocytes for clinical analysis is not of interest. However, if longtime sta‐
bility is of interest this could be addressed using other tracers like 99mTc with a half life of
approximately 66h.

Successful imaging using labeled leukocytes depends on viability of labeled cells. Several
studies assessed cell viability after labeling concluding satisfactory and comparable viability
rates for 111In, 99mTc, 18F-FDG and 64Cu in the first 4h after labeling [38]. However, cell viability
significantly decreases within one day limiting long term monitoring of AR using a single shot
approach.
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5. Single photon (gamma) imaging and positron emission tomography
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At present only a few preclinical and clinical studies are published dealing with labeled leu‐
kocytes and detection of AR in intestine, hearts, pancreas islets and skin. Only one study per‐
formed in a small cohort of kidney transplant recipients evaluated 99mTc-mononuclear cell
scintigraphy for diagnosis of AR. In this study, the authors were able to show that AR was
diagnosed correctly and successfully discriminated from ATN [39]. In a further development
of their approach, we established leukocyte PET imaging using very low amounts of 18F-FDG
for the diagnosis of AR in a rat kidney transplant model. Ex vivo 18F-FDG labeled human CTLs
were able to diagnose renal AR within a time frame of 1 h after application and discriminate
AR from important differential diagnoses such as acute cyclosporine toxicity or ATN (Grabner
et al. in press) (Fig. 1).

Figure 1. Representative PET-images of dynamic whole body acquisitions of a series of an allogeneically kidney trans‐
planted rat on postoperative day 4 60 min and 120 min after tail vein injection of 30 x 10618F-FDG labeled CTL. While
the parenchyma (yellow circle) of renal allograft developing AR accumulates 18F-FDG-CTLs, the native kidney (green
circle) does not show any accumulation at any time. Please note that the renal pelvis can contain eliminated 18F-FDG/
18F-fluoride. Therefore, it has to be excluded from the measurements. ID: injected dose

Since infiltration of leukocytes, especially CTLs, in allografts appears before physiologic or
mechanical manifestations of organ dysfunction is apparent, nuclear imaging employing leu‐
kocytes might be a promising tool for specific, sensitive and early detection of AR.

Current Issues and Future Direction in Kidney Transplantation94

5.4. Imaging using in vivo radiolabeled leukocytes

Instead of employing ex vivo labeled leukocytes, radiolabeled monoclonal antibodies (frag‐
ments) (mAbs) have been established for detection of leukocyte (related) antigens. Their ad‐
vantages include standardized production, easier storage and handling, while they are highly
specific for their target leading to a good background/target ration. However, limitations might
be the targeting of extravascular antigens and potential but rare allergic complications, when
using the antibodies in a patient.

As discussed, CTLs are the major cell type involved in AR. Martins et al. used 99mTc-OKT3
targeting CTLs in recipients of renal transplants [40]. In their preliminary results they state
that out of 22 patients they successfully identified 3 patients with AR using 99mTc-OKT3 scans.
Apparently, their results published in 2004 have to be confirmed in further studies. A recently
published attractive, being somehow better biocompatible, alternative might be CD3 targeting
99mTc-SHNH-visilizumab which needs to be evaluated in the future [41].

5.5. Metabolic activity (18F-FDG)

18F-FDG is a daily routine tracer to assess regional glucose metabolism as a surrogate for met‐
abolic activity widely used for the PET-based routine detection of tumors, infection and in‐
flammation. The major energy source in leukocytes during the metabolic burst is glucose.
Analogously, activated leukocytes highly accumulate 18F-FDG (in the same way they take up
glucose but without further processing) which can be quantified by PET [42]. A clear limitation
when using free 18F-FDG is that an increased uptake can be observed in any kind of cellular
activation (high glycolytic activity). Hence, 18F-FDG is not a disease or target specific tracer.

Nevertheless, 18F-FDG is one of the few tracers successfully applied for the non-invasive de‐
tection of AR. Others have applied 18F-FDG in settings of lung, heart and liver transplantations.
We have demonstrated very promising results for 18F-FDG-PET in diagnostics of renal AR
[43;44]. Using a rat model of renal AR, 18F-FDG-PET performed well in terms of early, accurate
detection and follow-up of AR [43] (Fig. 2). Using 18F-FDG, we discriminated AR non-inva‐
sively from important differential diagnoses like ATN or acute cyclosporine toxicity. More‐
over, therapy response monitoring by 18F-FDG might be useful to identify treatment
unresponsive AR for earlier escalation of immunosuppressive regimen [44]. This might reduce
graft damage by shortening AR episodes because at present (steroid) resistant rejection is di‐
agnosed lately [45].

One important issue of imaging of kidney AR with 18F-FDG is that it is eliminated with the
urine in contrast to normal glucose. Thus, drainage of 18F-FDG into the renal pelvis must be
taken care of when assessing 18F-FDG-uptake in the renal parenchyma. We avoided this prob‐
lem by using late acquisitions after 18F-FDG injection to reduce the instantaneous amount of
tracer in the urine during the PET scan. Moreover, an impact of renal function on 18F-FDG-
uptake has to be excluded e.g. by renal fluoride clearance (a non-invasive measure of renal
function) [46].
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Figure 2. Representative PET-images of dynamic whole body acquisitions of a series of an allogeneically kidney trans‐
planted rat (POD 1 (A), 2 (B), 4 (C), and 7 (D), after tail vein injection of 18F-FDG. While the parenchyma (yellow circle)
of renal allograft developing AR accumulates 18F-FDG with a maximum on post operative day (POD) 4, the native kid‐
ney (green circle) does not show any accumulation at any time. Please note that the renal pelvis can contain eliminat‐
ed 18F-FDG/18F-fluoride. Therefore, it has to be excluded from the measurements. Figure taken from [43]. Scale bar:
percent injected dose

5.6. Matrix metalloproteinases

One step further, one cannot assess infiltrating leukocytes only but rather their tissue damag‐
ing activity by detection of activated matrix metalloproteinases (MMPs). Leukocyte-derived
MMPs, like MMP-2 or MMP-9, were found to be active in AR [47;48]. Since MMP activity can
be assessed using radiolabeled MMP-inhibitors in SPECT or PET this approach for detection
of AR might be evaluated in future studies [49-52]. Maybe one can gather additional informa‐
tion regarding graft`s prognosis because MMPs are involved in tissue remodelling, too.

5.7. Hypoxia

Acute tissue inflammations regardless of their origin present with a unique and challenging
microenvironment including hypoxia (low oxygen), anoxia (complete lack of oxygen), hypo‐
glycemia (low blood glucose), acidosis (high H+ concentration) and abundant free oxygen rad‐
icals. These conditions are characteristic features of inflamed tissues, along with the influx of
leukocytes. In renal allografts, hypoxia and hypoxic adaptation are common within 2 weeks
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after surgery whereas graft hypoxia assessed in the long run is associated with clinical/subclin‐
ical rejection [53]. Therefore, assessment of hypoxia by targeting hypoxia (related gene prod‐
ucts), i.e. hypoxia inducible factors (HIF), might offer additional diagnostic information in
subclinical or ambiguous cases of AR.

Two major classes of hypoxia tracer, nitroimidazoles and bis(thiosemicarbazonato)copper(II)
complexes, have been extensively investigated for measuring hypoxia. The applications of
both tracer as well as several alternative reagents tested e.g., 18F-fluoroerythronitroimidazole
(18F-FETNIM) and 18F-fluoroazomycin-arabinofuranoside (18F-FAZA), are summarized in a
review recently published by Krohn et al. [54]. Until present and to the best of our knowledge,
no study has been performed assessing hypoxia in renal AR by SPECT or PET so far. At least
one has to evaluate if the SPECT and PET-based approaches are advantageous when compared
to BOLD MR.

5.8. Apoptosis

Apoptosis in AR is probably the result of different events occurring in AR. It may be a direct
consequence of different cytokines discharged by leukocytes or directly provoked e.g. by CTLs.
Within the inflammatory milieu of AR apoptosis might, among other factors, also be related
to hypoxia, acidosis, or reactive oxygen species. Non-invasive detection of apoptosis in AR
might be attractive because it may not serve for early detection of AR only, but also for mon‐
itoring of rejection kinetics and therapy response. Especially, early assessment of therapeutic
success or failure is interesting to promptly adjust the therapeutic regimen. Likewise, quanti‐
fication of apoptosis might provide information regarding the extent of graft damage and
therefore for its prognosis. However, small studies with different tracers targeting different
steps in apoptosis have been performed in both, animal and man. A comprehensive review on
detecting cell death in vivo has been recently published by us [55]. Two main operational strat‐
egies are followed. While imaging of caspases` activity using substrate-derived agents offers
high selectivity, the detection of membrane phospholipid redistribution using extracellular
agents has the advantage of high target density and accessibility [56]. We and others recently
proposed different isatin analogues for 18F-labeling and detection of apoptosis [55]. However,
studies detecting apoptosis in renal grafts using radiotracers for evaluation of their potential
clinical value in AR have not been performed yet.

5.9. Imaging allograft function

A rather unspecific but reasonable approach is to simply determine graft function as a surro‐
gate for stable function or (acute) graft affection.

Especially scintigraphic methods have been established for the assessment of renal function.
Primarily, two types of imaging are common: static and dynamic. 99mTc-dimercaptosuccinic
acid (DMSA) is the tracer used in static imaging allowing on the one hand identification of
pathological conditions such as anatomical abnormalities or scarring, on the other hand accu‐
rate assessment of the differential function of the kidneys [57]. DMSA uptake correlates with
the effective renal plasma flow, glomerular filtration rate, and creatinine clearance. Therefore,
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DMSA has been successfully applied in the evaluation of renal function in living donors (before
and after transplantation) and in kidney recipients [58]. For dynamic imaging 99mTc-mercap‐
toacetyltriglycine (MAG-3) and diethylenetriaminepentaacetic acid (DTPA) are the most com‐
monly used tracers, whereas MAG-3 is going to replace DTPA because of superior extraction
efficiency. It was proposed that MAG-3 scintigraphy can be useful for discrimination of AR
from ATN [59]. Despite a reasonable perfusion and tracer extraction in ATN as assessed in
these studies, tracer excretion rate is low, whereas one of the typical findings in AR is impaired
perfusion. This fact was already taken into account by Hilson et al. in the seventies who de‐
veloped a DTPA-based perfusion index which allows separation of rejection from ATN and,
particularly, rejection from healthy kidneys [60]. These findings are somehow discrepant to
typical findings in ultrasound when assessing RI which reflects renal perfusion as well. High
RIs can be observed in ATN as well as in AR denying a differentiation of these entities by
ultrasound-based measure of renal perfusion. Potentially, the modified renal perfusion index
using 18F-fluoride developed by us can be used for further clarification [61]. Aside from this
recent studies using PET for the evaluation of renal function other approaches have been
emerged. Renal blood flow for instance was successfully measured with H2

15O in rats and man
[62,63]. Furthermore, we established 18F-fluoride clearance for assessment of renal function in
different renal failure models including AR [43,46]. As said before, decreased renal function
is not disease specific but can assist in the differential diagnoses of AR.

6. Conclusion

The diagnosis and therapy follow-up of AR in transplant recipients demands for non-invasive
and serial imaging approaches in vivo. Molecular and cellular imaging has significant potential
for transplantation medicine as it may serve for monitoring the graft. With more optimal trac‐
ers as they are numerously being developed, PET (and other devices) may serve as valuable
tools for the diagnosis and management of renal AR. In this term, these techniques will find
their share to impact on detection of AR, graft function, assessment of therapy response as well
as of the progression of lesions and therefore on graft´s prognosis.

Taken the new developments in molecular imaging into account, non-invasive methods in‐
cluding ultrasound, magnetic resonance, as well as SPECT and PET get increasingly helpful
for research. Currently, nearly all of these promising new approaches are still at an experi‐
mental stage and have to evidence their potential in humans in daily routine in the future.
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RIs can be observed in ATN as well as in AR denying a differentiation of these entities by
ultrasound-based measure of renal perfusion. Potentially, the modified renal perfusion index
using 18F-fluoride developed by us can be used for further clarification [61]. Aside from this
recent studies using PET for the evaluation of renal function other approaches have been
emerged. Renal blood flow for instance was successfully measured with H2

15O in rats and man
[62,63]. Furthermore, we established 18F-fluoride clearance for assessment of renal function in
different renal failure models including AR [43,46]. As said before, decreased renal function
is not disease specific but can assist in the differential diagnoses of AR.

6. Conclusion

The diagnosis and therapy follow-up of AR in transplant recipients demands for non-invasive
and serial imaging approaches in vivo. Molecular and cellular imaging has significant potential
for transplantation medicine as it may serve for monitoring the graft. With more optimal trac‐
ers as they are numerously being developed, PET (and other devices) may serve as valuable
tools for the diagnosis and management of renal AR. In this term, these techniques will find
their share to impact on detection of AR, graft function, assessment of therapy response as well
as of the progression of lesions and therefore on graft´s prognosis.

Taken the new developments in molecular imaging into account, non-invasive methods in‐
cluding ultrasound, magnetic resonance, as well as SPECT and PET get increasingly helpful
for research. Currently, nearly all of these promising new approaches are still at an experi‐
mental stage and have to evidence their potential in humans in daily routine in the future.
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1. Introduction

With the evolution in our understanding of the human leukocyte antigen (HLA) system, there
have been substantial improvements in the HLA-typing techniques and the ability to detect
anti-HLA antibodies, allowing accurate assessment of immunological risk among potential
renal transplant candidates. Specifically, flow cytometry and the solid phase assay such as the
enzyme-linked immunosorbent assay (ELISA) and Luminex technology have improved the
sensitivity of detecting low levels class I and II donor-specific anti-HLA antibodies (DSA).
Although there is now established evidence showing the presence of DSA is associated with
a greater risk of antibody-mediated rejection (AMR) and early graft loss, the clinical signifi‐
cance of low levels DSA remains unclear. As a result of prior sensitizing events, there has been
an expansion in the number of highly sensitized transplant candidates with multiple anti-HLA
antibodies. Management of these candidates for the preparation of transplantation continues
to be a subject of intense debate. In this chapter, we will discuss the identification of potential
clinically relevant DSA detected by the different assays including the ‘acceptable’ level of
clinically significant DSA and the advantage of C1q-positive DSA in further stratifying the
immunological risk of transplant candidates. The association between DSA and non-DSA with
graft and patient outcomes following kidney transplantation will be discussed in greater detail.
Furthermore, we will examine the transplant outcomes of highly sensitized patients under‐
going desensitization regimens and to determine the optimal desensitization regimens along
with their risks and benefits.
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2. Evolution of techniques to detect donor-specific anti-HLA antibodies
(Figure 1)

HLA forms part of the major histocompatibility complex (MHC) in humans and MHC antigens
are an integral component of the normal functioning of the human immune system. HLA
antigens play a crucial role in the recognition of self-antigens and are therefore crucial in the
defence of foreign antigens, including donor antigens in solid organ transplantation. HLA
antigens are comprised of both class I and II antigens, with class I antigens being expressed
on all nucleated cells, whereas class II antigens are being expressed on antigen presenting cells,
B cells and endothelial cells [1]. The evolution in our understanding of the HLA system is
closely linked to advancements in technology. Traditional serological-based (i.e. antibody-
based) low-resolution techniques have been the standard method for HLA typing, enabling
efficient and effective anti-HLA antibody detection. However, these techniques are dependent
on the availability of specific cell types, cell viability and appropriate anti-sera that are capable
of recognising HLA antigens. The emergence of molecular HLA typing techniques over the
past two decades has allowed for a more specific and robust method of high resolution HLA
typing. In 1982, Wake et al described restriction fragment length polymorphism (RFLP), which
eventually highlighted the shortcomings of serology-based methods ensuing the establish‐
ment of molecular-based HLA-typing for routine detection of anti-HLA antibodies pre-
transplantation [2]. Data generated via the genome project and the initiation of polymerase
chain reaction (PCR) techniques through the 1980s further refined DNA-based techniques for
HLA-typing, which has led to the development of a number of PCR-based techniques still in
use to the present day.

Alongside with the advances in the typing of HLA alleles, the techniques used to detect anti-
HLA antibodies has evolved from CDC assays to the more sensitive techniques including flow-
cytometry and solid-phase assays (e.g. enzyme-linked immunosorbent assay [ELISA] or
Luminex), allowing for accurate assessment of pre-transplant immunological risk (e.g.
calculated panel reactive antibodies to determine level of sensitization and application of
virtual cross-match to determine transplant suitability) [3] (Figure 4).

Since the recognition of the clinical importance of CDC assay in kidney transplantation in the
1960s, CDC cross-match has become the foundation of determining transplant suitability in
kidney transplantation [4]. CDC cross-match can detect donor-specific anti-HLA antibodies
that may have the potential to induce an anti-HLA antibody-associated hyperacute rejection
following transplantation. Donor T and B cells are isolated from peripheral blood mononuclear
cells using density gradient separation and incubated in the presence of recipients’ sera and
complements. If donor-specific anti-HLA antibodies are present, these will bind to specific
antigen(s) expressed on donor cells, and with the addition of rabbit serum as a source of
exogenous complement, will result in the initiation of the classical complement cascade
causing direct damage to the donor cell membrane and therefore making these cells permeable
to an important dye. The percentage of cell lysis is quantified and forms the basis of deter‐
mining transplant candidate’s suitability for transplantation with a lysis score of 20% generally
considered a contraindication for transplantation. Many laboratories perform CDC assays in
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the presence of anti-human globulin, which augments the sensitivity of this assay by increasing
the number of Fc receptors available to bind complements, and/or dithiothreitol (which breaks

HLA – human leukocyte antigen, CDC-XM – complement-dependent cytotoxicity cross-match, FCXM – flow cytometric
cross-match, ELISA – enzyme-linked immunosorbent assay.

Figure 1. Detection of anti-HLA antibodies – differences between cell-based and solid-phase assays.

Detection of Antibody-Mediated Rejection in Kidney Transplantation and the Management of Highly Sensitised…
http://dx.doi.org/10.5772/54735

107



2. Evolution of techniques to detect donor-specific anti-HLA antibodies
(Figure 1)

HLA forms part of the major histocompatibility complex (MHC) in humans and MHC antigens
are an integral component of the normal functioning of the human immune system. HLA
antigens play a crucial role in the recognition of self-antigens and are therefore crucial in the
defence of foreign antigens, including donor antigens in solid organ transplantation. HLA
antigens are comprised of both class I and II antigens, with class I antigens being expressed
on all nucleated cells, whereas class II antigens are being expressed on antigen presenting cells,
B cells and endothelial cells [1]. The evolution in our understanding of the HLA system is
closely linked to advancements in technology. Traditional serological-based (i.e. antibody-
based) low-resolution techniques have been the standard method for HLA typing, enabling
efficient and effective anti-HLA antibody detection. However, these techniques are dependent
on the availability of specific cell types, cell viability and appropriate anti-sera that are capable
of recognising HLA antigens. The emergence of molecular HLA typing techniques over the
past two decades has allowed for a more specific and robust method of high resolution HLA
typing. In 1982, Wake et al described restriction fragment length polymorphism (RFLP), which
eventually highlighted the shortcomings of serology-based methods ensuing the establish‐
ment of molecular-based HLA-typing for routine detection of anti-HLA antibodies pre-
transplantation [2]. Data generated via the genome project and the initiation of polymerase
chain reaction (PCR) techniques through the 1980s further refined DNA-based techniques for
HLA-typing, which has led to the development of a number of PCR-based techniques still in
use to the present day.

Alongside with the advances in the typing of HLA alleles, the techniques used to detect anti-
HLA antibodies has evolved from CDC assays to the more sensitive techniques including flow-
cytometry and solid-phase assays (e.g. enzyme-linked immunosorbent assay [ELISA] or
Luminex), allowing for accurate assessment of pre-transplant immunological risk (e.g.
calculated panel reactive antibodies to determine level of sensitization and application of
virtual cross-match to determine transplant suitability) [3] (Figure 4).

Since the recognition of the clinical importance of CDC assay in kidney transplantation in the
1960s, CDC cross-match has become the foundation of determining transplant suitability in
kidney transplantation [4]. CDC cross-match can detect donor-specific anti-HLA antibodies
that may have the potential to induce an anti-HLA antibody-associated hyperacute rejection
following transplantation. Donor T and B cells are isolated from peripheral blood mononuclear
cells using density gradient separation and incubated in the presence of recipients’ sera and
complements. If donor-specific anti-HLA antibodies are present, these will bind to specific
antigen(s) expressed on donor cells, and with the addition of rabbit serum as a source of
exogenous complement, will result in the initiation of the classical complement cascade
causing direct damage to the donor cell membrane and therefore making these cells permeable
to an important dye. The percentage of cell lysis is quantified and forms the basis of deter‐
mining transplant candidate’s suitability for transplantation with a lysis score of 20% generally
considered a contraindication for transplantation. Many laboratories perform CDC assays in

Current Issues and Future Direction in Kidney Transplantation106

the presence of anti-human globulin, which augments the sensitivity of this assay by increasing
the number of Fc receptors available to bind complements, and/or dithiothreitol (which breaks

HLA – human leukocyte antigen, CDC-XM – complement-dependent cytotoxicity cross-match, FCXM – flow cytometric
cross-match, ELISA – enzyme-linked immunosorbent assay.

Figure 1. Detection of anti-HLA antibodies – differences between cell-based and solid-phase assays.

Detection of Antibody-Mediated Rejection in Kidney Transplantation and the Management of Highly Sensitised…
http://dx.doi.org/10.5772/54735

107



down the disulfide bonds in IgM antibodies believed to be of no clinical significance) to reduce
the false positivity of these assays [5, 6]. Initial studies evaluating the clinical validity of CDC
assays demonstrated that 80% of CDC cross-match–positive kidney transplants and 4% of
cross-match–negative kidney transplants were associated with early graft loss, thereby
verifying the clinical significance of anti-HLA antibodies in renal transplantation. It is note‐
worthy that 20% of patients transplanted across a positive cross-match did not lose their grafts
[3]. Given that T cells express class I antigens and B cells express both class I and II antigens,
the interpretation of T cell together with B cell cross-match will assist in establishing whether
class I and/or II anti-HLA antibodies are present. A positive B cell CDC cross-match invariably
accompanies a positive T cell CDC cross-match but this may reflect either anti-HLA antibodies
to class I antigens and/or multiple antibodies to class I and/or II antigens. However, a positive
B cell CDC cross-match may occur in the absence of a positive T cell CDC cross-match and
suggest the presence of class II antigens or low levels class I antigens. The presence of a positive
T cell CDC cross-match is an absolute contraindication for transplantation whereas a positive
B cell cross-match is a relative contraindication because of the uncertainty regarding the clinical
significance and the chance of false-positive results [7, 8]. The presence of a positive T cell cross-
match is an absolute contraindication for transplantation within the deceased donor kidney
allocation algorithm in Australia and New Zealand. \On the contrary, B cell cross-match is
not routinely performed and therefore not utilized in the decision-making process for trans‐
plantation. With the increasing recognition of the potential importance of a positive CDC B
cell cross-match, these results are now often interpreted in the context of solid phase assays.
The immunological risk of potential renal transplant candidates are established by regular
monitoring and storage of their sera to establish peak and current immune reactivity against
a panel of donor cells, termed peak and current panel reactive antibodies. When a potential
donor becomes available, donor cells are incubated in the presence of both peak and current
sera. The presence of a positive CDC cross-match with peak sera even in the presence of a
negative CDC cross-match with current sera poses a contraindication to transplantation, as
this suggests suggest immunological memory to donor antigens from prior sensitizing events.

The inability to correlate all graft losses to anti-HLA antibodies detected using CDC assays
(i.e. an inability of CDC assays to detect low levels of clinically significant anti-HLA antibodies)
has led to the development of the more sensitive cell-based flow cytometric cross-match assays.
The fundamental principle that forms the basis of the flow cytometric cross-match assay is
similar to that of the CDC assay. Since the description of this assay in the early 1980s, this
technique has been widely adopted to determine transplant suitability in many countries [9].
Similar to the CDC assay, flow cytometric cross-match assays require the addition of donor
cells to recipients’ sera, followed by the addition of a fluorescein-labelled secondary antibody
allowing for the detection and quantification of anti-HLA antibodies by flow cytometer
expressed as mean channel shifts. Unlike CDC cross-match, flow cross-match identifies both
complement-fixing and non-complement-fixing anti-HLA donor-specific antibodies. Howev‐
er, the availability of different subtypes of detection antibodies has allowed clinicians to
differentiation between complement-fixing versus non-complement-fixing anti-HLA antibod‐
ies [10]. Although an universal mean channel shifts cut-off value corresponding to positive
flow cross-match has not been determined, it is generally accepted that the use of a low cut-
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off value may disadvantage many transplant candidates as it may detect anti-HLA donor
specific antibodies of no clinical significance, especially in the presence of negative CDC cross-
match. Nevertheless, several studies have shown that the presence of a positive flow cytometric
cross-match with a negative CDC cross-match is associated with a significantly greater risk of
AMR and early graft loss with a positive predictive value for predicting AMR of 83% [10, 11].

To avoid problems associated with the availability and viability of donor cells that could affect
the accuracy of cell-based assays, solid-phase assays were introduced which have largely
circumvented these problems and improved the sensitivity of detection of anti-HLA antibodies
[12]. The identification of anti-HLA antibodies using ELISA was first described in 1993 where
purified HLA antigens were directly immobilized on the surface of microtitre plates but the
basic principle of antibody detection was similar to cell-based assays [13]. The Luminex
platform is a solid-phase assay that utilizes polystyrene microspheres (beads), each embedded
with fluorochromes of differing intensity attached to one (single-antigen beads) or several
HLA molecules (screening beads) to determine anti-HLA antibody specificity. The Luminex
assay has been used in many transplant centres to select the appropriate desensitization
regimen according to DSA strength and to establish an acceptable DSA cut-off that may allow
kidney transplantation to proceed following desensitization [14, 15]. Similar to other assays,
the addition of recipients’ sera containing anti-HLA antibodies are added to the bead mix,
these antibodies will bind to the appropriate beads expressing single or multiple specific
antigen(s). A phycoerytherin-labelled secondary anti-human IgG is then added to this mixture
and these antibodies will bind to the primary anti-HLA antibody already attached to the beads
expressing the antigens. The sample is then passed through lasers, which would independently
excite the beads and the phycoerytherin, therefore allowing the laser detector to define
antibody specificity [16, 17]. Unlike the CDC assays, Luminex assay detect both complement-
fixing and non-complement-fixing anti-HLA antibodies but does not detect IgM autoantibod‐
ies or non-HLA antibodies. The concept of virtual cross-match using solid phase assays relies
on accurate HLA typing accompanied by evaluation of anti-HLA antibodies. The presence of
a negative solid phase virtual cross-match reliably excludes the presence of donor-specific anti-
HLA antibodies and is capable of predicting a negative flow cytometric cross-match in >90%
of cases and CDC cross-match in 75% of cases. With the continued reliance on using cell-based
cross-match assays, especially CDC cross-match assays to determine transplant suitability, a
potential disadvantage of virtual cross-match is that transplants may be excluded based on
antibody results with unknown clinical relevance [18]. It is generally accepted that solid phase
virtual cross-match to identify anti-HLA donor specific antibodies complements the results of
cell-based assays to help inform decision-making process with regards to transplant suitability.

3. Association between anti-HLA donor-specific antibodies and transplant
outcomes (Table 1)

Despite technological advances in detecting pre-transplant DSA, the incidence of acute and
chronic AMR appears to increase over time. However, the true incidence of AMR remains
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significance and the chance of false-positive results [7, 8]. The presence of a positive T cell cross-
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allocation algorithm in Australia and New Zealand. \On the contrary, B cell cross-match is
not routinely performed and therefore not utilized in the decision-making process for trans‐
plantation. With the increasing recognition of the potential importance of a positive CDC B
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a panel of donor cells, termed peak and current panel reactive antibodies. When a potential
donor becomes available, donor cells are incubated in the presence of both peak and current
sera. The presence of a positive CDC cross-match with peak sera even in the presence of a
negative CDC cross-match with current sera poses a contraindication to transplantation, as
this suggests suggest immunological memory to donor antigens from prior sensitizing events.

The inability to correlate all graft losses to anti-HLA antibodies detected using CDC assays
(i.e. an inability of CDC assays to detect low levels of clinically significant anti-HLA antibodies)
has led to the development of the more sensitive cell-based flow cytometric cross-match assays.
The fundamental principle that forms the basis of the flow cytometric cross-match assay is
similar to that of the CDC assay. Since the description of this assay in the early 1980s, this
technique has been widely adopted to determine transplant suitability in many countries [9].
Similar to the CDC assay, flow cytometric cross-match assays require the addition of donor
cells to recipients’ sera, followed by the addition of a fluorescein-labelled secondary antibody
allowing for the detection and quantification of anti-HLA antibodies by flow cytometer
expressed as mean channel shifts. Unlike CDC cross-match, flow cross-match identifies both
complement-fixing and non-complement-fixing anti-HLA donor-specific antibodies. Howev‐
er, the availability of different subtypes of detection antibodies has allowed clinicians to
differentiation between complement-fixing versus non-complement-fixing anti-HLA antibod‐
ies [10]. Although an universal mean channel shifts cut-off value corresponding to positive
flow cross-match has not been determined, it is generally accepted that the use of a low cut-
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off value may disadvantage many transplant candidates as it may detect anti-HLA donor
specific antibodies of no clinical significance, especially in the presence of negative CDC cross-
match. Nevertheless, several studies have shown that the presence of a positive flow cytometric
cross-match with a negative CDC cross-match is associated with a significantly greater risk of
AMR and early graft loss with a positive predictive value for predicting AMR of 83% [10, 11].

To avoid problems associated with the availability and viability of donor cells that could affect
the accuracy of cell-based assays, solid-phase assays were introduced which have largely
circumvented these problems and improved the sensitivity of detection of anti-HLA antibodies
[12]. The identification of anti-HLA antibodies using ELISA was first described in 1993 where
purified HLA antigens were directly immobilized on the surface of microtitre plates but the
basic principle of antibody detection was similar to cell-based assays [13]. The Luminex
platform is a solid-phase assay that utilizes polystyrene microspheres (beads), each embedded
with fluorochromes of differing intensity attached to one (single-antigen beads) or several
HLA molecules (screening beads) to determine anti-HLA antibody specificity. The Luminex
assay has been used in many transplant centres to select the appropriate desensitization
regimen according to DSA strength and to establish an acceptable DSA cut-off that may allow
kidney transplantation to proceed following desensitization [14, 15]. Similar to other assays,
the addition of recipients’ sera containing anti-HLA antibodies are added to the bead mix,
these antibodies will bind to the appropriate beads expressing single or multiple specific
antigen(s). A phycoerytherin-labelled secondary anti-human IgG is then added to this mixture
and these antibodies will bind to the primary anti-HLA antibody already attached to the beads
expressing the antigens. The sample is then passed through lasers, which would independently
excite the beads and the phycoerytherin, therefore allowing the laser detector to define
antibody specificity [16, 17]. Unlike the CDC assays, Luminex assay detect both complement-
fixing and non-complement-fixing anti-HLA antibodies but does not detect IgM autoantibod‐
ies or non-HLA antibodies. The concept of virtual cross-match using solid phase assays relies
on accurate HLA typing accompanied by evaluation of anti-HLA antibodies. The presence of
a negative solid phase virtual cross-match reliably excludes the presence of donor-specific anti-
HLA antibodies and is capable of predicting a negative flow cytometric cross-match in >90%
of cases and CDC cross-match in 75% of cases. With the continued reliance on using cell-based
cross-match assays, especially CDC cross-match assays to determine transplant suitability, a
potential disadvantage of virtual cross-match is that transplants may be excluded based on
antibody results with unknown clinical relevance [18]. It is generally accepted that solid phase
virtual cross-match to identify anti-HLA donor specific antibodies complements the results of
cell-based assays to help inform decision-making process with regards to transplant suitability.

3. Association between anti-HLA donor-specific antibodies and transplant
outcomes (Table 1)

Despite technological advances in detecting pre-transplant DSA, the incidence of acute and
chronic AMR appears to increase over time. However, the true incidence of AMR remains
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Study Cohort Rejection Graft survival

Eng H et al
[24]

N=471 DD renal transplant
recipients
83 T-B+ XM vs 386 T-B- XM
IgG DSA in 33% of T-B+ XM
patients

Vascular: 19% T-B- XM vs 32% T-B+ XM
(p=0.01)
DSA+ significantly predict vascular or
glomerular rejection

Graft loss: T-B+ 44% vs T-B-
27%

Lefaucheur C
et al [25]

N=402 DD renal transplant
recipients
Peak sera: positive DSA 21%
(Luminex)
Current sera: positive
DSA 19%

PPV for AMR with peak DSA 35% vs
current DSA 32% Prevalence of AMR
categorized by MFI:
MFI <465 – prevalence 1%
MFI 466 to 3000 – prevalence 19%
MFI 3001 to 6000 – prevalence 36%
MFI >6000 – prevalence 51%
Peak DSA MFI predicted AMR better
than current DSA MFI

5 and 8-year DCGS:
Non-sensitized - 89% and 84%
Sensitized with no DSA - 92%
and 92%
DSA-positive - 71% and 61
Relative risk for graft loss if
AMR 4.1 (95% CI 2.2 to 7.7) vs
no AMR

Lefaucheur C
et al [26]

N=237 LD/DD renal transplant
recipients
All negative T and B-cell
CDC-XM
27% class I or II anti-HLA
antibody with 52% anti-HLA
antibody being DSA

Incidence of AMR: preformed DSA 35%
vs no DSA 3%
(p < 0.001)

Overall graft survival at 8 years:
DSA-positive 68%
DSA-negative 77%
Graft survival lower in patients
with DSA and AMR compared
to DSA and no AMR and in
non-DSA patients

Mujtaba M
et al [34]

N=44 desensitized LD
transplant recipients
Negative CDC T-cell XM
Sensitization = CDC B+
& T+ ± B+ flow XM

Incidence AMR 31%
Total MFI and AMR: <9500 7%
vs >9500 36%
Class II DSA but not class I DSA
greater risk of AMR

3-year graft survival was 100%
for total MFI <9500 vs 76% for
total MFI >9500.

Amico P et al
[94]

N=334 LD and DD renal
transplant recipients 332
negative T and B cell CDC-XM
67 DSA vs 267 no DSA
(Luminex)

Overall incidence of clinical/subclinical
rejection including AMR and/or acute T-
cell mediated rejection at day 200 post-
transplant: DSA-positive 71% vs DSA-
negative 35%

5-year DCGS: No DSA 89% vs
DSA without AMR 87% vs DSA
with AMR 68%

Song EY et al
[95]

N=28 LD and DD renal
transplant recipients Positive
flow XM but negative CDC-T
cell XM, 57% positive DSA

BPAR: DSA-positive 56% vs DSA-negative
0%
Class II > class I DSA higher incidence of
AMR: 100% vs 22% Class II DSA MFI of
4487 predicted AMR with sensitivity of
100% and specificity of 87%.

No difference in graft survival

HLA – human leukocyte antigen, DD – deceased donor, LD – live-donor, CDC-XM – complement dependent cytotoxicity
cross-match, DSA – donor-specific antibodies, SAB – single antigen bead, AMR – antibody mediated rejection, DCGS –
death-censored graft survival, MFI – mean fluorescent intensity, BPAR – biopsy-proven acute rejection, PPV – positive
predictive value.

Table 1. Association between pre-transplant donor-specific antibodies and graft outcomes.
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unclear with suggestions that acute AMR may account for up to 7% of all acute rejections (and
up to 50% of acute rejection episodes experienced by pre-sensitized patients with positive
cross-match); whereas the prevalence of chronic AMR manifesting as transplant glomerulop‐
athy may be as high as 20% at 5 years post-transplant [19, 20]. The growing incidence may be
attributed to a number of plausible reasons including: greater acceptance of highly-sensitized
candidates for transplantation, the use of non-calcineurin-inhibitor-based immunosuppres‐
sive regimen such as mammalian target of rapamycin inhibitors, better detection techniques
for DSA, availability of markers of antibody injury such as C4d staining and a greater under‐
standing of AMR, which may have been misinterpreted as chronic allograft nephropathy or
undefined rejection in the past [21].

In most countries, a large proportion of renal transplant candidates on the transplant wait-
list are sensitized with high PRA levels and have multiple anti-HLA antibodies, which often
result in protracted wait-list time [22]. In Australia, 23% of transplant candidates have a
peak class I PRA of >20% and these sensitized transplant candidates often have twice as long
a waiting time as unsensitized candidates [23]. Pre-transplant DSA is a major immunologi‐
cal hurdle for successful kidney transplantation. The clinical importance of pre-transplant
DSA has been clearly established over the past decade and the presence of high levels of
pre-transplant class I (HLA-A and B) ± II (HLA-DR) DSA, typically occurring as a result of
prior sensitizing events including previous blood transfusions, HLA-mismatched trans‐
plants and/or pregnancy, is associated with inferior graft outcomes, including an increased
risk of developing acute and chronic antibody-mediated rejection (AMR), transplant glomer‐
ulopathy and late graft loss (Table 1) [24-27]. However, few studies have suggested that the
association between pre-transplant DSA and graft survival was restricted to recipients who
had developed early AMR or those with high levels of DSA as determined by peak HLA-
DSA strength expressed as mean fluorescent intensity (MFI) using Luminex technology and
that pre-transplant screening for preformed DSA may not be cost-effective [28, 29]. Lefau‐
cheur C et al demonstrated in a large single centre study that renal transplant recipients with
a peak pre-transplant DSA >465 MFI determined by Luminex have a significantly higher
risk of developing AMR and that recipients with peak DSA >3000 have almost a four-fold
increase in the risk of graft loss compared to recipients with peak DSA MFI of <3000 high‐
lighting the importance of using DSA strength to more accurately assess the immunological
risk of transplant recipients [29]. There is also increasing evidence demonstrating that the
development of de novo DSA may occur in over 50% of renal transplant recipients at 2-years
post-transplant suggesting that regular monitoring of de novo DSA post-transplant may
help identify those at risk of developing poorer graft outcome [30]. Several studies have
shown that the development of de novo DSA (occurring post-transplantation), especially
DSA directed against HLA-DQ graft molecules in HLA-class II incompatible graft transplan‐
tations, are both associated with acute and subclinical AMR and graft loss in kidney trans‐
plant only and/or simultaneous pancreas-kidney transplant recipients and post-transplant
monitoring of DSA could potentially help clinicians to individualize the amount of immuno‐
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unclear with suggestions that acute AMR may account for up to 7% of all acute rejections (and
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cross-match); whereas the prevalence of chronic AMR manifesting as transplant glomerulop‐
athy may be as high as 20% at 5 years post-transplant [19, 20]. The growing incidence may be
attributed to a number of plausible reasons including: greater acceptance of highly-sensitized
candidates for transplantation, the use of non-calcineurin-inhibitor-based immunosuppres‐
sive regimen such as mammalian target of rapamycin inhibitors, better detection techniques
for DSA, availability of markers of antibody injury such as C4d staining and a greater under‐
standing of AMR, which may have been misinterpreted as chronic allograft nephropathy or
undefined rejection in the past [21].

In most countries, a large proportion of renal transplant candidates on the transplant wait-
list are sensitized with high PRA levels and have multiple anti-HLA antibodies, which often
result in protracted wait-list time [22]. In Australia, 23% of transplant candidates have a
peak class I PRA of >20% and these sensitized transplant candidates often have twice as long
a waiting time as unsensitized candidates [23]. Pre-transplant DSA is a major immunologi‐
cal hurdle for successful kidney transplantation. The clinical importance of pre-transplant
DSA has been clearly established over the past decade and the presence of high levels of
pre-transplant class I (HLA-A and B) ± II (HLA-DR) DSA, typically occurring as a result of
prior sensitizing events including previous blood transfusions, HLA-mismatched trans‐
plants and/or pregnancy, is associated with inferior graft outcomes, including an increased
risk of developing acute and chronic antibody-mediated rejection (AMR), transplant glomer‐
ulopathy and late graft loss (Table 1) [24-27]. However, few studies have suggested that the
association between pre-transplant DSA and graft survival was restricted to recipients who
had developed early AMR or those with high levels of DSA as determined by peak HLA-
DSA strength expressed as mean fluorescent intensity (MFI) using Luminex technology and
that pre-transplant screening for preformed DSA may not be cost-effective [28, 29]. Lefau‐
cheur C et al demonstrated in a large single centre study that renal transplant recipients with
a peak pre-transplant DSA >465 MFI determined by Luminex have a significantly higher
risk of developing AMR and that recipients with peak DSA >3000 have almost a four-fold
increase in the risk of graft loss compared to recipients with peak DSA MFI of <3000 high‐
lighting the importance of using DSA strength to more accurately assess the immunological
risk of transplant recipients [29]. There is also increasing evidence demonstrating that the
development of de novo DSA may occur in over 50% of renal transplant recipients at 2-years
post-transplant suggesting that regular monitoring of de novo DSA post-transplant may
help identify those at risk of developing poorer graft outcome [30]. Several studies have
shown that the development of de novo DSA (occurring post-transplantation), especially
DSA directed against HLA-DQ graft molecules in HLA-class II incompatible graft transplan‐
tations, are both associated with acute and subclinical AMR and graft loss in kidney trans‐
plant only and/or simultaneous pancreas-kidney transplant recipients and post-transplant
monitoring of DSA could potentially help clinicians to individualize the amount of immuno‐
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suppression to better assess immune reactivity [25, 30-33]. Although there is no current con‐
sensus on the level of clinically significant DSA identified by flow cytometric or Luminex
assays, most studies have demonstrated that increasing single, peak or total DSA levels
were associated with an incremental risk of rejection and/or graft loss [29, 34]. Recent stud‐
ies have suggested that the detection of C1q-fixing DSA (i.e. the potential to identify DSA
that can activate complements by binding C1q) may be more accurate in predicting acute
rejection, biopsy C4d-deposition, transplant glomerulopathy and late graft failure following
kidney transplantation and the authors suggested that the absence of C1q-positive de novo
DSA has a high negative predictive value for transplant glomerulopathy (100%) and graft
failure (88%) [35]. However, a recent retrospective study showed that the identification of
strong complement-activating DSA (of IgG subclasses 1 and 3) pre-transplant was unlikely
to improve AMR risk stratification compared to patients with a combination of both strong
and weak/no complement-activating DSA (of IgG subclasses 2 and 4) [36]. The clinical im‐
portance of C1q-specific DSA in predicting graft outcome remains controversial and not
routinely performed in many transplanting centres [35, 37]. With the greater understanding
of HLA antigens and anti-HLA antibodies, innovative techniques have been established to
allow transplantation across positive CDC and/or flow cross-match barriers by removing
circulating DSA and/or B or plasma cells and the success and outcomes of these initiatives
will be discussed later in this chapter.

4. Clinical relevance of non-anti-HLA donor-specific antibodies (Table 2)

Although it is well established that AMR is attributed to the presence of class I and/or II DSA,
non-donor HLA-antibodies and other non-HLA antibodies have been implicated in the
development of acute and chronic AMR following kidney transplantation. Opelz G et al and
others have demonstrated that increasing panel reactive antibodies (PRA) in HLA-identical
sibling transplants was associated with a greater risk of rejection (defined as functional graft
survival) and poorer graft survival (PRA 0% 10-year graft survival 72%, PRA 1-50% 63%, PRA
>50% 55%; o<0.01) suggesting that immune response against non-HLA targets may be
important in kidney transplantation, especially in the prediction of chronic graft loss [38].
Alloantigenic and tissue-specific autoantigenic targets of non-HLA-DSA and non-HLA
antibodies may include various minor histocompatibility antigens, major histocompatibility
complex (MHC) class I chain-related gene A (MICA) antigens, endothelial cell, vimentin,
collagen V, glutathione-S-transferase T1, agrin, and angiotensin II receptor type I. Table 2
provides an up-to-date summary of the significance of these non-HLA-DSA and non-HLA
antibodies in kidney transplantation and discuss the interplay between alloimmunity and
autoreactivity in renal allograft rejection [39, 40].
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Antibodies HLA-

antigen

(Yes/No)

Target antigen Location Transplant outcomes

Anti-angiotensin type

1–receptor antibody

[96,97]

No Angiotensin type I

receptor (cell-based

ELISA)

Endothelial cells Increased risk of ACR, vascular

rejection and AMR ± malignant

hypertension

MICA antibody [98] Yes Major histocompati-

bility-complex class I

related chain A antigens

(Luminex)

Endothelial cells

(also fibroblasts,

epithelial cells)

Increased risk of rejection and

graft failure, remains debatable

Anti-endothelial cell

antibody [39,99]

No Endothelial cell

precursors (flow

cytometry)

Endothelial cells Increased risk of acute and

chronic rejections

Vimentin antibody [100] No Intermediate filament

protein (flow cytometry)

Endothelial cells Increased risk of rejection

Agrin antibody [101] No Highly purified GBM

heparan sulphate

proteoglycans (ELISA)

GBM Increased risk of transplant

glomerulopathy

Glutathione-S-transferase

T1 antibody [40]

No Glutathione-S-

transferase T1 enzyme

(ELISA)

Endothelial cells Increased risk of C4d-negative

acute and chronic AMR

Anti-GBM antibody [102] No Alpha-3 chain (the

Goodpasture antigen)

and alpha-5 chain of

type IV collagen (ELISA)

GBM Increased risk of vascular

rejection (Alport patients)

Antibodies to MIG (also

called CXCL9), ITAC (also

called CXCL11), IFN-γ, and

glial-derived neurotrophic

factor [103]

No Chemokine or cytokine

(ELISA)

Circulating

proteins

Association with chronic renal

allograft injury

Protein kinase Czeta

antibody [104]

No Protein kinase

(microarray)

Kidney and

lymphocytes

Increased risk of graft loss

Anti-HLA-Ia

antibody [105]

Yes HLA-Ia alleles Endothelial cells Correlate with poorer graft

survival, possibly mediated via

anti-HLA-E IgG antibody

Abbreviations: MICA – major histocompatibility complex class I chain-related gene A, ACR – acute cellular rejection, AMR
– antibody mediated rejection, GBM – glomerular basement membrane, ELISA – enzyme-linked immunosorbent assay,
HLA – human leukocyte antigen

Table 2. Association between non-HLA-DSA and non-HLA antibodies and renal transplant outcomes.
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suppression to better assess immune reactivity [25, 30-33]. Although there is no current con‐
sensus on the level of clinically significant DSA identified by flow cytometric or Luminex
assays, most studies have demonstrated that increasing single, peak or total DSA levels
were associated with an incremental risk of rejection and/or graft loss [29, 34]. Recent stud‐
ies have suggested that the detection of C1q-fixing DSA (i.e. the potential to identify DSA
that can activate complements by binding C1q) may be more accurate in predicting acute
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failure (88%) [35]. However, a recent retrospective study showed that the identification of
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routinely performed in many transplanting centres [35, 37]. With the greater understanding
of HLA antigens and anti-HLA antibodies, innovative techniques have been established to
allow transplantation across positive CDC and/or flow cross-match barriers by removing
circulating DSA and/or B or plasma cells and the success and outcomes of these initiatives
will be discussed later in this chapter.
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Although it is well established that AMR is attributed to the presence of class I and/or II DSA,
non-donor HLA-antibodies and other non-HLA antibodies have been implicated in the
development of acute and chronic AMR following kidney transplantation. Opelz G et al and
others have demonstrated that increasing panel reactive antibodies (PRA) in HLA-identical
sibling transplants was associated with a greater risk of rejection (defined as functional graft
survival) and poorer graft survival (PRA 0% 10-year graft survival 72%, PRA 1-50% 63%, PRA
>50% 55%; o<0.01) suggesting that immune response against non-HLA targets may be
important in kidney transplantation, especially in the prediction of chronic graft loss [38].
Alloantigenic and tissue-specific autoantigenic targets of non-HLA-DSA and non-HLA
antibodies may include various minor histocompatibility antigens, major histocompatibility
complex (MHC) class I chain-related gene A (MICA) antigens, endothelial cell, vimentin,
collagen V, glutathione-S-transferase T1, agrin, and angiotensin II receptor type I. Table 2
provides an up-to-date summary of the significance of these non-HLA-DSA and non-HLA
antibodies in kidney transplantation and discuss the interplay between alloimmunity and
autoreactivity in renal allograft rejection [39, 40].
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Table 2. Association between non-HLA-DSA and non-HLA antibodies and renal transplant outcomes.
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5. Complexities in the diagnosis of antibody mediated rejection (Table 3)

The diagnosis of AMR has improved dramatically with the advent of C4d staining and the
ability to detect DSA [41]. The diagnosis of acute AMR according to BANFF criteria requires
a triad of [1] histological evidence of graft damage including acute-tubular necrosis-like
minimal inflammation, capillaritis and/or glomerulitis and/or thromboses and arteritis, [2]
immunological evidence of complement activation inferred by C4d positivity in the peritub‐
ular capillaries (PTC), and [3] presence of DSA; whereas the diagnostic criteria for chronic
AMR requires [1] morphological evidence of chronic damage of the allograft including
duplication of glomerular basement membrane, lamination of peritubular capillaries, arterial
intimal fibrosis or interstitial fibrosis/tubular atrophy, [2] diffuse C4d deposition in PTC, and
[3] presence of DSA [42]. C4d, a complement split product, is formed by the binding and
activation of the classical complement pathway by DSA, which then binds covalently to
specific target molecules on the endothelium of PTC and is therefore considered a footprint of
AMR [43]. The sensitivity and specificity of diffuse PTC C4d staining for the presence of DSA
is >95% [44].

Acute antibody-mediated rejection

Peritubular capillary C4d deposition

Circulating anti-HLA donor specific antibody

Morphological evidence of acute tissue injury (e.g.

capillaritis, glomerulitis)

Chronic antibody-mediated rejection

Peritubular capillary C4d deposition

Circulating anti-HLA donor specific antibody

Morphological evidence of chronic tissue injury (e.g.

transplant glomerulopathy, interstitial fibrosis, tubular

atrophy)

Controversies of C4d staining

Peritubular capillary C4d deposition

Glomerular C4d deposition

Arteriolar C4d deposition

AMR

Erythrocyte C4d deposition better PPV in peritubular

capillary

Useful to detect AMR, diffuse > focal, PTC C4d negative in

60% AMR

Correlates with AMR and graft survival

No association with graft survival or Similar sensitivity and

specificity but detecting AMR compared with C4d

deposition

Abbreviation: AMR – antibody mediated rejection, HLA – human leukocyte antigen

Table 3. Histological criteria for acute and chronic antibody mediated rejection and corresponding table of
controversies of relying on peritubular capillary C4d deposition as a marker for antibody mediated rejection.

However, there are concerns regarding whether the presence of C4d within peritubular
capillaries is essential for the diagnosis of AMR with reports of C4d-negative AMR being
identified. There have been a few studies that have demonstrated an association between
glomerular or erythrocyte C4d deposition and the presence of acute and chronic AMR but the
clinical significance of these deposits remain debatable.

Problems with C4d staining:
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i. Accomodation

The presence of C4d deposition in PTC does not always denote the presence of AMR or tissue
injury. In ABO-incompatible renal transplant, the presence of PTC C4d staining often occurs
in the absence of tissue injury or AMR, a process known as accommodation and may be
observed in >70% of ABO-incompatible transplants; whereas the presence of PTC C4d staining
in HLA-incompatible grafts correlates strongly with the presence of AMR [45].

ii. C4d negative AMR

AMR in the absence of PTC C4d staining has been reported more frequently. In an analysis of
173 indication kidney biopsies, Sis et al demonstrated that a combination of high expression
of endothelial-associated transcripts (ENDAT) detected using microarray on tissue biopsy,
suggesting endothelial damage from alloantibody, plus the presence of DSA was strongly
associated with morphological evidence of AMR but only 38% of these biopsies had evidence
of PTC C4d positivity [46]. Other studies have corroborated this initial finding suggesting that
over reliance of C4d positivity to diagnose acute or chronic AMR could miss up to 60% of
patients with morphological evidence of AMR and C4d staining should always be interpreted
in the context of tissue morphology [47, 48]

iii. Focal versus diffuse C4d staining

It is generally accepted that the detection of C4d in renal allograft biopsies using immuno‐
fluorescence staining is more sensitive than immunohistochemical staining [42, 49]. The level
of C4d staining appears to have prognostic significance and it is widely accepted that diffuse
C4d staining involving >50% of PTC by either technique is considered positive and correlates
much more strongly with adverse graft outcome compared to focal C4d staining involving
<50% of PTC, but this remains controversial [50]. However, there are other studies suggesting
that focal C4d staining is also associated with histological evidence of AMR including
glomerulitis and/or peritubular dilatation [51].

iv. Non-PTC C4d staining

Glomerular, arteriolar and/or erythrocyte C4d positivity often occurs in the absence of PTC
C4d staining but the clinical significance of these patterns remains unclear. In a retrospective
study of 539 indication renal allograft biopsies, Kikic et al demonstrated a poor correlation
between arteriolar C4d staining and graft survival, whereas linear glomerular C4d staining
was strongly associated with graft failure [52]. There has been considerable interest in the
detection of erythrocyte C4d deposition (eC4d) by indirect immunofluorescence as a potential
surrogate marker of disease activity in patients with systemic lupus erythematosus and may
be useful for the monitoring of disease activity and/or response to treatment in these patients
[53, 54]. In kidney transplantation, Haidar et al showed a greater amount of eC4d in PTC C4d
positive samples compared to PTC C4d negative samples. The authors reported that the
positive (PPV) and negative predictive value (NPV) of PTC C4d and eC4d for peritubular
capillaritis were 28% and 46% for PPV and 93% and 94% for NPV respectively suggesting that
monitoring of eC4d may be an useful non-invasive marker of AMR [55].
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intimal fibrosis or interstitial fibrosis/tubular atrophy, [2] diffuse C4d deposition in PTC, and
[3] presence of DSA [42]. C4d, a complement split product, is formed by the binding and
activation of the classical complement pathway by DSA, which then binds covalently to
specific target molecules on the endothelium of PTC and is therefore considered a footprint of
AMR [43]. The sensitivity and specificity of diffuse PTC C4d staining for the presence of DSA
is >95% [44].
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Morphological evidence of acute tissue injury (e.g.
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AMR

Erythrocyte C4d deposition better PPV in peritubular
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Useful to detect AMR, diffuse > focal, PTC C4d negative in

60% AMR

Correlates with AMR and graft survival

No association with graft survival or Similar sensitivity and

specificity but detecting AMR compared with C4d

deposition

Abbreviation: AMR – antibody mediated rejection, HLA – human leukocyte antigen

Table 3. Histological criteria for acute and chronic antibody mediated rejection and corresponding table of
controversies of relying on peritubular capillary C4d deposition as a marker for antibody mediated rejection.

However, there are concerns regarding whether the presence of C4d within peritubular
capillaries is essential for the diagnosis of AMR with reports of C4d-negative AMR being
identified. There have been a few studies that have demonstrated an association between
glomerular or erythrocyte C4d deposition and the presence of acute and chronic AMR but the
clinical significance of these deposits remain debatable.
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in the absence of tissue injury or AMR, a process known as accommodation and may be
observed in >70% of ABO-incompatible transplants; whereas the presence of PTC C4d staining
in HLA-incompatible grafts correlates strongly with the presence of AMR [45].

ii. C4d negative AMR

AMR in the absence of PTC C4d staining has been reported more frequently. In an analysis of
173 indication kidney biopsies, Sis et al demonstrated that a combination of high expression
of endothelial-associated transcripts (ENDAT) detected using microarray on tissue biopsy,
suggesting endothelial damage from alloantibody, plus the presence of DSA was strongly
associated with morphological evidence of AMR but only 38% of these biopsies had evidence
of PTC C4d positivity [46]. Other studies have corroborated this initial finding suggesting that
over reliance of C4d positivity to diagnose acute or chronic AMR could miss up to 60% of
patients with morphological evidence of AMR and C4d staining should always be interpreted
in the context of tissue morphology [47, 48]

iii. Focal versus diffuse C4d staining

It is generally accepted that the detection of C4d in renal allograft biopsies using immuno‐
fluorescence staining is more sensitive than immunohistochemical staining [42, 49]. The level
of C4d staining appears to have prognostic significance and it is widely accepted that diffuse
C4d staining involving >50% of PTC by either technique is considered positive and correlates
much more strongly with adverse graft outcome compared to focal C4d staining involving
<50% of PTC, but this remains controversial [50]. However, there are other studies suggesting
that focal C4d staining is also associated with histological evidence of AMR including
glomerulitis and/or peritubular dilatation [51].

iv. Non-PTC C4d staining

Glomerular, arteriolar and/or erythrocyte C4d positivity often occurs in the absence of PTC
C4d staining but the clinical significance of these patterns remains unclear. In a retrospective
study of 539 indication renal allograft biopsies, Kikic et al demonstrated a poor correlation
between arteriolar C4d staining and graft survival, whereas linear glomerular C4d staining
was strongly associated with graft failure [52]. There has been considerable interest in the
detection of erythrocyte C4d deposition (eC4d) by indirect immunofluorescence as a potential
surrogate marker of disease activity in patients with systemic lupus erythematosus and may
be useful for the monitoring of disease activity and/or response to treatment in these patients
[53, 54]. In kidney transplantation, Haidar et al showed a greater amount of eC4d in PTC C4d
positive samples compared to PTC C4d negative samples. The authors reported that the
positive (PPV) and negative predictive value (NPV) of PTC C4d and eC4d for peritubular
capillaritis were 28% and 46% for PPV and 93% and 94% for NPV respectively suggesting that
monitoring of eC4d may be an useful non-invasive marker of AMR [55].
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6. Management of highly sensitized renal transplant candidates with anti-
HLA antibodies

The complexity of transplantation has evolved over the years such that many transplanting cen‐
tres are performing ABO-incompatible transplants and desensitizing highly allo-sensitized
transplant candidates to improve their transplant potential. There is an increasing number of
transplant candidates who are allo-sensitised to HLA as a result of previous exposure to HLA an‐
tigens, typically following blood transfusion, prior transplantation and pregnancy. It is well
known that the presence of high levels of pre-transplant DSA is associated with poorer graft out‐
comes, including the development of acute and chronic AMR resulting in late graft loss [26, 56].
Finding a compatible donor for potential transplant candidates with multiple anti-HLA antibod‐
ies is often difficult and these patients may remain on the deceased donor transplant wait-list for a
much longer period compared to unsensitized transplant candidates. Paired kidney exchange
program is a potential and proven option for highly sensitized patients who have a positive cross-
match with their potential live donors to receive a compatible cross-match negative donors [57].
With the greater understanding of HLA antigens and anti-HLA antibodies, innovative techni‐
ques have been established to allow transplantation across a ‘positive CDC and/or flow cytomet‐
ric  cross-match’  barrier  resulting  from  anti-HLA  antibodies  directed  against  the  donor.
Nevertheless, graft outcomes of highly sensitized transplant recipients are poorer compared to
compatible transplant recipients, particularly a much greater risk of acute AMR (Table 4).

Number of
patients

AMR incidence (%)
1-year graft survival

(%)
2-year graft survival

(%)

Lefaucheur et al ^ [26] 43 35 89 89

Thielke et alθ [70] 51 32 93 81

Magee et al [71] 28 39 92 89

Gloor et al [106] 119 41 89 89

Haririan et al [106] 41 12 90 85

Vo et al [72] 16 30 94 Not reported

Vo et al# [62] 76 29 87 84

ANZDATA 2010* [107]
Primary DD grafts
Primary LD grafts

550
296

<5%
<5%

95
96

93
96

*ANZDATA 2010 – graft failure secondary to AR 2%; #Stratified by donor type – death-censored graft survival at 1 and
2 years for LD 90% and 90%; for DD 82% and 80%. [Note: Of the total 374 recipients, only 51 [13.6%) were DD
transplants].

Acute AMR is a strong predictor of inferior graft survival: 1] ^AMR vs no AMR – 1y GS 60% vs 89% (Lefaucheur et al); 2]
θAMR vs no AMR – development of transplant glomerulopathy 44% and 12% (Gloor et al).

Abbreviations: ANZDATA – Australia and New Zealand Dialysis and Transplant registry, AMR – antibody mediated
rejection, DD – deceased donor, LD – live-donor.

Table 4. Incidence of antibody mediated rejection and graft survival following positive crossmatch kidney
transplantation.
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Number Technique Outcomes Complications

Vo A et al [72] • 10/11 LD and 6/9 DD
with CDC-XM or FCMX+
(Note: 13/16 had
persistently positive
XM at time of transplant)

• IVIg 2g/kg day 0 and
30 + rituximab 1g day
7 and 22
(5/16 CDC-XM+)

• Wait-time pre-
transplant 144±89m,
additional 5±6m (range
2-18) post-
desensitisation
• 12mGS 94%
• 12mPS 100%
• 50% AR (30%AMR)

• 44% asymptomatic
UTI

Vo A et al [62] • 76 (31 LD & 45 DD)
with T cells FCMX+
F/up 18m

• IVIg 2g/kg day 1 and
30 + rituximab 1g
day 15

• Wait-time for DD pre-
transplant 95±46m,
additional 4.2±4.5 post-
desensitisation
• AMR 29% (11DD/
11LD)
• 2yGS 84%, PS 95% (LD
90%/100%, DD 80%/
91%)
• 2yCr - 143µmol/L

• 11% infections, 8%
CMV/BKV
• 5% mortality (2.5%
infections)

Rogers N et al
[108]

• 10/13 LD with
CDCXM+ and DSA+
successful(DSA up to
18,000 MFI)

• Rituximab 375mg/m2
day -14 + 5PP with
0.1g/kg post-4PP +
2g/kg IVIg post-final PP
• Induction basiliximab

• 80% Cr <160
• 30% AR (cellular) <3m
(Pre-Tx DSA <5000)

• 10% PNF
• 10% mortality
(sepsis)
• 70% transfusions ≥5
units
• 30% sepsis
• 21% CMV

Haririan A et al
[69]

• 41 LD with FCMX+ with
27 B/T cell+ (vs historical
controls)

• Alternate day PP
(mean 4) + post-PP
0.1g/kg
IVIg + induction T cell
depletion

• 1y GS – 90% vs 98%
(historical controls)
• 5y GS – 69% vs 81%
• Graft half-life 6.8y
• 12% AMR

• Infection rates
similar

Gloor J
et al [106]

• 119 LD +CM
(52 CDC-XM+) vs 70
controls

• Daily PP with post-PP
0.1g/kg IVIg ±
splenectomy or
rituximab (d-7) + rATG
induction

• 50% AMR and 54$ TG
in CDC-XM+ (vs 1% and
0% controls)
• DCGF 46% vs 0% at 2y

• Not reported

Thielke J et al
[109]

• 49/57 LD FCMX+
successfully desensitised
to XM-

• 3-5 PP with post-PP
0.1g/kg IVIg ± rituximab
(1-2 doses 375mg/m2)

• 1y DCGS 93%
• 1y PS 95%
• AR 43% 1y (24% AMR)

• Infection risk with
rituximab
• 7% CMV

Magee C et al
[110]

• 29 LD CDC-XM T
or B-cell +

• 3x/week PP with 10g
IVIg post-PP ± rituximab
pre-transplant
(375mg/m2)

• 42% ACR and 39%
AMR (no difference with
rituximab)

• Not significant
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6. Management of highly sensitized renal transplant candidates with anti-
HLA antibodies
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known that the presence of high levels of pre-transplant DSA is associated with poorer graft out‐
comes, including the development of acute and chronic AMR resulting in late graft loss [26, 56].
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ies is often difficult and these patients may remain on the deceased donor transplant wait-list for a
much longer period compared to unsensitized transplant candidates. Paired kidney exchange
program is a potential and proven option for highly sensitized patients who have a positive cross-
match with their potential live donors to receive a compatible cross-match negative donors [57].
With the greater understanding of HLA antigens and anti-HLA antibodies, innovative techni‐
ques have been established to allow transplantation across a ‘positive CDC and/or flow cytomet‐
ric  cross-match’  barrier  resulting  from  anti-HLA  antibodies  directed  against  the  donor.
Nevertheless, graft outcomes of highly sensitized transplant recipients are poorer compared to
compatible transplant recipients, particularly a much greater risk of acute AMR (Table 4).

Number of
patients

AMR incidence (%)
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2-year graft survival

(%)
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Vo et al [72] 16 30 94 Not reported
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ANZDATA 2010* [107]
Primary DD grafts
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*ANZDATA 2010 – graft failure secondary to AR 2%; #Stratified by donor type – death-censored graft survival at 1 and
2 years for LD 90% and 90%; for DD 82% and 80%. [Note: Of the total 374 recipients, only 51 [13.6%) were DD
transplants].

Acute AMR is a strong predictor of inferior graft survival: 1] ^AMR vs no AMR – 1y GS 60% vs 89% (Lefaucheur et al); 2]
θAMR vs no AMR – development of transplant glomerulopathy 44% and 12% (Gloor et al).

Abbreviations: ANZDATA – Australia and New Zealand Dialysis and Transplant registry, AMR – antibody mediated
rejection, DD – deceased donor, LD – live-donor.
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• Wait-time pre-
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additional 5±6m (range
2-18) post-
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• 12mPS 100%
• 50% AR (30%AMR)
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UTI
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additional 4.2±4.5 post-
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• AMR 29% (11DD/
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90%/100%, DD 80%/
91%)
• 2yCr - 143µmol/L

• 11% infections, 8%
CMV/BKV
• 5% mortality (2.5%
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[108]

• 10/13 LD with
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successful(DSA up to
18,000 MFI)

• Rituximab 375mg/m2
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IVIg + induction T cell
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(52 CDC-XM+) vs 70
controls
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splenectomy or
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induction

• 50% AMR and 54$ TG
in CDC-XM+ (vs 1% and
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Thielke J et al
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• 49/57 LD FCMX+
successfully desensitised
to XM-

• 3-5 PP with post-PP
0.1g/kg IVIg ± rituximab
(1-2 doses 375mg/m2)

• 1y DCGS 93%
• 1y PS 95%
• AR 43% 1y (24% AMR)

• Infection risk with
rituximab
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Magee C et al
[110]

• 29 LD CDC-XM T
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• 3x/week PP with 10g
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Number Technique Outcomes Complications

Jordan S
et al [61]

• 98 PRA ≥50%
randomised 1:1 to
IVIg or placebo
(LD and DD)

• IVIg 2g/kg monthly for
4 months or placebo

• Improved DD
transplant rate in IVIg
group compared to
placebo (31% vs 12%,
p=0.01)
• Estimated projected
mean time to
transplantation is 4.8y
for IVIG vs 10.3y for
placebo
• GS and PS similar

• More headaches in
IVIg group

Jordan S et al
[111]

• N=42 (62% LD) • LD 1x 2g/kg IVIg
• DD monthly 2g/kg
IVIg x 4 + pre-Tx 2g/kg
IVIg

• 31% AR (<1m), 38%
ATG and 23% graft loss
from AR
• 2y GS 89%, PS 98%

• Not reported

Abbreviations: LD = live-donor, DD – deceased donor, CDC – complement dependent cytotoxicity, FCMX – flow cytometric
cross-match, DSA – donor specific antibody, PP – plasmapheresis, AR – acute rejection, rATG – rabbit antithymocyte
globulin, GS – graft survival, DCGF – death-censored graft failure, PS – patient survival, AR – acute rejection, AMR –
antibody mediated rejection, ACR – acute cellular rejection, TG – transplant glomerulopathy, IVIg – intravenous
immunoglobulin, PNF – primary non-function, CMV – cytomegalovirus

Table 5. Relevant studies of desensitization in live and deceased-donor transplantation.

Studies reporting the utilization of desensitisation techniques to allow transplantation in
highly sensitized transplant candidates have focussed predominantly on live-donor trans‐
plantation, which allows early planning and implementation of treatment at a suitable time
(Table 5). A recent paper by Montgomery R et al had demonstrated that desensitization of highly
sensitized patients for live-donor transplantation was associated with a significant survival
benefit compared with waiting for a compatible deceased donor organ. By 8 years, this survival
advantage more than doubled suggesting that desensitization protocols to overcome incom‐
patibility barriers in live-donor renal transplantation may be justified [58]. However, the
benefit of desensitization of highly sensitized patients on the deceased donor transplant wait-
list remains debatable due to the uncertainty of kidney availability [59, 60]. The only random‐
ized study evaluating the benefit of IVIg to improve transplant potential in highly sensitized
transplant candidates on the deceased donor transplant wait-list was a double-blind, placebo-
controlled, multicentre study whereby 101 patients with PRA >50% who have been waiting
for >5 years on the transplant wait-list were randomized to receive IVIg (2g/kg monthly for 4
months) or placebo. The administration of high-dose IVIg was associated with a reduction in
PRA levels with 35% of IVIg-treated patients being transplanted compared with 17% of
patients receiving placebo suggesting that this regimen was associated with improved
transplant potential for highly sensitized patients [61]. This same group modified this initial
regimen by adding rituximab and subsequently reported that desensitization of highly
sensitized patients with PRA >30% using high dose IVIg (2 doses of of 2 g/kg days 1 and 30)
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and a 1g dose of rituximab (day 15) reduced the deceased donor transplant wait-list time from
95±46 months to 4.2±4.5 months achieving acceptable rejection rates and graft survival at 24
months [62]. In contrast, a recent prospective cohort study evaluating pre-transplant desensi‐
tization with two doses of IVIg (2 g/kg up to a maximum of 120g per dose) plus a single dose
of rituximab (375 mg/m2) in highly sensitized kidney transplant candidates with a calculated
panel reactive antibody (cPRA) of >90% and had spent >5 years on the deceased donor wait-
list did not improve their transplant potential or reduced class I and II cPRA levels. This finding
has been corroborated by other studies that have demonstrated that treatment with high dose
IVIg in highly sensitized patients (flow cytometric calculated PRA of 100%) on the deceased
donor transplant wait-list did not significantly alter their cPRA levels or improved their
transplant potential highlighting that the potential benefit of desensitization of highly
sensitized transplant candidates on the deceased donor wait-list remain uncertain [63-65].

The optimal desensitization regimen for highly sensitized renal transplant candidates in the
context of living related and unrelated donation remains unclear. Most of the current desen‐
sitization protocols are modifications of plasmapheresis and intravenous immunoglobulin
(IVIg) ± rituximab and have been used successfully to desensitize highly allo-sensitized
transplant candidates, therefore allowing transplantation to occur [61, 66-73] (Table 2).
However, desensitization of positive CDC or flow cytometric cross-match patients using
immunoadsorption with rituximab followed by ongoing immunoadsorption post-transplant
appears promising achieving rapid elimination of DSA and excellent short-term graft out‐
comes [74]. Immunoadsorption appears to be more effective than plasmapheresis in removing
circulating DSA and studies have shown that a single pre-transplant immunoadsorption could
render a positive cross-match to become negative [75, 76]. Encouraging results have been
obtained with the use of bortezomib and/or eculizumab in desensitization protocols to achieve
successful transplantation across a positive CDC and/or flow cytometric cross-match barrier
but the use of these agents are usually considered adjunctive treatments to standard protocol
[77]. Although splenectomy has historically been used in the desensitization protocols for
ABO-incompatible transplants and treatment of refractory AMR by removing an essential
source of B lymphocytes, this has largely been superseded by B cell depleting agents [78]. These
techniques aim to lower the DSA to an ‘acceptable’ level pre-transplant to allow transplanta‐
tion to proceed and preventing immediate acute renal allograft injury. Most published studies
of desensitization protocols are non-randomized and observational with varying techniques
and threshold of detecting pre-transplant DSA, thereby making comparisons between studies
difficult. Plasmapheresis with low dose IVIg (0.1g/kg following each plasmapheresis) for 2-3
weeks pre-transplant followed by interleukin-2 receptor antibody or CD3-T cell depletive
agent induction is the most common desensitization protocol utilized in many transplanting
centres although the duration of treatment pre- and post-transplant would depend on
achieving a negative cross-match pre-transplant and on the DSA titres. Studies utilizing this
protocol have reported high risk of AMR (between 12-100%) with a reduction in longer-term
graft survival (66% at 4 years) despite acceptable short-term graft survival [69, 79, 80].
Although high-dose IVIg (2g/kg) was initially considered for deceased donor kidney trans‐
plant candidates, it has been implemented with and without rituximab in positive CDC
and/or flow cytometric cross-match live-donor transplant candidates with similar risk of
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Number Technique Outcomes Complications

Jordan S
et al [61]

• 98 PRA ≥50%
randomised 1:1 to
IVIg or placebo
(LD and DD)

• IVIg 2g/kg monthly for
4 months or placebo

• Improved DD
transplant rate in IVIg
group compared to
placebo (31% vs 12%,
p=0.01)
• Estimated projected
mean time to
transplantation is 4.8y
for IVIG vs 10.3y for
placebo
• GS and PS similar

• More headaches in
IVIg group

Jordan S et al
[111]

• N=42 (62% LD) • LD 1x 2g/kg IVIg
• DD monthly 2g/kg
IVIg x 4 + pre-Tx 2g/kg
IVIg

• 31% AR (<1m), 38%
ATG and 23% graft loss
from AR
• 2y GS 89%, PS 98%

• Not reported

Abbreviations: LD = live-donor, DD – deceased donor, CDC – complement dependent cytotoxicity, FCMX – flow cytometric
cross-match, DSA – donor specific antibody, PP – plasmapheresis, AR – acute rejection, rATG – rabbit antithymocyte
globulin, GS – graft survival, DCGF – death-censored graft failure, PS – patient survival, AR – acute rejection, AMR –
antibody mediated rejection, ACR – acute cellular rejection, TG – transplant glomerulopathy, IVIg – intravenous
immunoglobulin, PNF – primary non-function, CMV – cytomegalovirus

Table 5. Relevant studies of desensitization in live and deceased-donor transplantation.

Studies reporting the utilization of desensitisation techniques to allow transplantation in
highly sensitized transplant candidates have focussed predominantly on live-donor trans‐
plantation, which allows early planning and implementation of treatment at a suitable time
(Table 5). A recent paper by Montgomery R et al had demonstrated that desensitization of highly
sensitized patients for live-donor transplantation was associated with a significant survival
benefit compared with waiting for a compatible deceased donor organ. By 8 years, this survival
advantage more than doubled suggesting that desensitization protocols to overcome incom‐
patibility barriers in live-donor renal transplantation may be justified [58]. However, the
benefit of desensitization of highly sensitized patients on the deceased donor transplant wait-
list remains debatable due to the uncertainty of kidney availability [59, 60]. The only random‐
ized study evaluating the benefit of IVIg to improve transplant potential in highly sensitized
transplant candidates on the deceased donor transplant wait-list was a double-blind, placebo-
controlled, multicentre study whereby 101 patients with PRA >50% who have been waiting
for >5 years on the transplant wait-list were randomized to receive IVIg (2g/kg monthly for 4
months) or placebo. The administration of high-dose IVIg was associated with a reduction in
PRA levels with 35% of IVIg-treated patients being transplanted compared with 17% of
patients receiving placebo suggesting that this regimen was associated with improved
transplant potential for highly sensitized patients [61]. This same group modified this initial
regimen by adding rituximab and subsequently reported that desensitization of highly
sensitized patients with PRA >30% using high dose IVIg (2 doses of of 2 g/kg days 1 and 30)

Current Issues and Future Direction in Kidney Transplantation118

and a 1g dose of rituximab (day 15) reduced the deceased donor transplant wait-list time from
95±46 months to 4.2±4.5 months achieving acceptable rejection rates and graft survival at 24
months [62]. In contrast, a recent prospective cohort study evaluating pre-transplant desensi‐
tization with two doses of IVIg (2 g/kg up to a maximum of 120g per dose) plus a single dose
of rituximab (375 mg/m2) in highly sensitized kidney transplant candidates with a calculated
panel reactive antibody (cPRA) of >90% and had spent >5 years on the deceased donor wait-
list did not improve their transplant potential or reduced class I and II cPRA levels. This finding
has been corroborated by other studies that have demonstrated that treatment with high dose
IVIg in highly sensitized patients (flow cytometric calculated PRA of 100%) on the deceased
donor transplant wait-list did not significantly alter their cPRA levels or improved their
transplant potential highlighting that the potential benefit of desensitization of highly
sensitized transplant candidates on the deceased donor wait-list remain uncertain [63-65].

The optimal desensitization regimen for highly sensitized renal transplant candidates in the
context of living related and unrelated donation remains unclear. Most of the current desen‐
sitization protocols are modifications of plasmapheresis and intravenous immunoglobulin
(IVIg) ± rituximab and have been used successfully to desensitize highly allo-sensitized
transplant candidates, therefore allowing transplantation to occur [61, 66-73] (Table 2).
However, desensitization of positive CDC or flow cytometric cross-match patients using
immunoadsorption with rituximab followed by ongoing immunoadsorption post-transplant
appears promising achieving rapid elimination of DSA and excellent short-term graft out‐
comes [74]. Immunoadsorption appears to be more effective than plasmapheresis in removing
circulating DSA and studies have shown that a single pre-transplant immunoadsorption could
render a positive cross-match to become negative [75, 76]. Encouraging results have been
obtained with the use of bortezomib and/or eculizumab in desensitization protocols to achieve
successful transplantation across a positive CDC and/or flow cytometric cross-match barrier
but the use of these agents are usually considered adjunctive treatments to standard protocol
[77]. Although splenectomy has historically been used in the desensitization protocols for
ABO-incompatible transplants and treatment of refractory AMR by removing an essential
source of B lymphocytes, this has largely been superseded by B cell depleting agents [78]. These
techniques aim to lower the DSA to an ‘acceptable’ level pre-transplant to allow transplanta‐
tion to proceed and preventing immediate acute renal allograft injury. Most published studies
of desensitization protocols are non-randomized and observational with varying techniques
and threshold of detecting pre-transplant DSA, thereby making comparisons between studies
difficult. Plasmapheresis with low dose IVIg (0.1g/kg following each plasmapheresis) for 2-3
weeks pre-transplant followed by interleukin-2 receptor antibody or CD3-T cell depletive
agent induction is the most common desensitization protocol utilized in many transplanting
centres although the duration of treatment pre- and post-transplant would depend on
achieving a negative cross-match pre-transplant and on the DSA titres. Studies utilizing this
protocol have reported high risk of AMR (between 12-100%) with a reduction in longer-term
graft survival (66% at 4 years) despite acceptable short-term graft survival [69, 79, 80].
Although high-dose IVIg (2g/kg) was initially considered for deceased donor kidney trans‐
plant candidates, it has been implemented with and without rituximab in positive CDC
and/or flow cytometric cross-match live-donor transplant candidates with similar risk of
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rejection and graft survival to studies using plasmapheresis and low-dose IVIg [62, 80-82]. A
retrospective study by Stegall et al showed that CDC T cell cross-match positive renal transplant
recipients receiving high dose IVIg alone had a higher rate of AMR [80%) compared to
recipients receiving plasmapheresis, low-dose IVIg with rituximab (37%) or plasmapheresis,
low-dose IVIg, rituximab and pre-transplant anti-thymocyte globulin (29%) suggesting that
high dose IVIg may be inferior to the combination of plasmapheresis and IVIg but it is difficult
to draw any firm conclusion from an uncontrolled study [73]. Furthermore, there are sugges‐
tions that pre-transplant treatment to lower DSA MFI to <6000 using Luminex is recommended
for successful transplantation and is associated with lower risk of AMR but again, this remains
debatable [14].

Following successful transplantation, ongoing monitoring of DSA and early recognition of
AMR is crucial to avoid early graft loss. On re-exposure to donor antigens against which the
recipient is sensitized, memory B lymphocytes in their spleen, bone marrow and lymph nodes
undergo an anamnestic reaction leading to the development of antibody-producing cells,
which can produce high levels of DSA within days or weeks and therefore, positive cross-
match kidney transplantation requires both pre- and post-transplant interventions to contin‐
ually suppress DSA levels. Although continuing plasmapheresis and/or IVIg post-transplant
following successful desensitization of highly sensitized recipients with positive cross-match
against the donor is generally accepted, there has been no study addressing the type, amount,
duration and cost-effectiveness of such approach [70]. Nevertheless, studies have demonstrat‐
ed a strong association between the development of de novo DSA (especially DQ-DSA or when
there is a rise of DSA >500 MFI) and AMR and graft loss suggesting that that long-term
monitoring of DSA in highly sensitized patients may be appropriate, especially those receiving
class II-incompatible grafts [83-85]. A recent single centre study suggested that post-transplant
DSA surveillance followed by pre-emptive initiation of IVIg and plasmapheresis with rising
DSA titres have successfully improved long-term graft survival [86].

Intravenous gammaglobulins (IVIG) are effective in the successful management of a number
of autoimmune and inflammatory disorders attributed to their immunomodulatory and
immunoregulatory properties. IVIG has been suggested in the management of highly sensi‐
tized renal transplant patients because it eliminates eliminate circulating anti-HLA antibodies,
suppresses the production of these antibodies by inducing B cell apoptosis (and also T cells
and monocytes in vitro) and is a modifier of complement activation and injury [87, 88]. There
is now considerable debate among the transplant community regarding the balance between
the benefits and harms associated with IVIG desensitising patients with high immunological
risks. t[89, 90]. One small but significant side effect associated with the use of high dose IVIg
is the risk of thrombosis, which may be mitigated by slowing infusion rate (maximum infusion
rate of 100mg/kg/hour), aspirin, enoxaparin and intravenous hydration pre- and post-infusion
[91]. The important side effects of IVIg along with other agents commonly used in the
desensitization protocol are summarized in Table 6. However, it is important to note that many
of the side effects associated with desensitization treatment have been reported in non-
transplant population but should be recognized and advised to patients receiving these
treatments.
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Treatment Actions Complications Cost Comments

Intravenous
immuno-
globulin [112]

Neutralize circulating anti-
HLA antibodies
Enhance clearance of anti-
HLA antibodies
Inhibit complement
activation
Induce B cell apoptosis
Inhibitory effects on other
immune cells such as
macrophages and natural
killer cells by binding to their
Fcγ receptors

Thrombotic events
Acute renal failure
Haemolytic anaemia
Aseptic meningitis
Anaphylactoid reactions

US$8700
for 120g

Infusion related adverse
events related to osmolality,
minimized by slowing infusion
rate
Reduce thrombotic events by
using aspirin, heparin/
enoxaparin, intravenous fluids
Newer preparation, iso-
osmolar products have higher
titres of antiA±B, resulting in
higher rates of haemolysis

Plasmapheresis
[113]

Removal of circulating anti-
HLA antibodies

Hypotension
Bleeding diathesis
Potential blood-borne
pathogen transmission if
replacement with fresh
frozen plasma is required
(rare)

US$2000
per session

Non-selective removal of
antibodies

Immuno-
adsorption
[74, 114]

Removal of circulating anti-
HLA antibodies

Similar complications as
plasmapheresis

US1600
per session

Higher plasma volume
exchange resulting in higher
antibody removal rate may be
achieved over plasmapheresis.
More selective IgG removal
compared to plasmapheresis

Rituximab
[115]

Chimeric murine/human
monoclonal antibody that
binds to CD20 on pre-B and
mature B lymphocytes

Infection (fungal and
other opportunistic)
Progressive multifocal
leukoencephalopathy

US$3900
for 700mg

Similar effectiveness using
smaller dose

Bortezomib
[116, 117]

Proteasomal inhibitor
causing apoptosis
of plasma cells

Fatigue, weakness
Gastrointestinal
disturbances (common, mild)
Anaemia, thrombocytopenia
(mild, transient)
Peripheral neuropathy (mild,
transient)

US$1322
for 3.5mg

Role in desensitization unclear

Eculizumab
[118, 119]

Humanized monoclonal
antibody against C5
preventing the formation of
membrane attack complex
(C5b-9)

Meningococcal infections
(rare, severe)
Other infections especially
with encapsulated bacteria
Anaemia (rarely serious),
leukopenia
Hypertension, headache,
gastrointestinal upset
(common, mild)

US$5990
per 300mg

Role in desensitization unclear
Requires meningococcal
vaccination at least 2 weeks
prior to transplant

Abbreviation: HLA – human leukocyte antigens.

Table 6. Complications and cost of desensitization treatment.
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rejection and graft survival to studies using plasmapheresis and low-dose IVIg [62, 80-82]. A
retrospective study by Stegall et al showed that CDC T cell cross-match positive renal transplant
recipients receiving high dose IVIg alone had a higher rate of AMR [80%) compared to
recipients receiving plasmapheresis, low-dose IVIg with rituximab (37%) or plasmapheresis,
low-dose IVIg, rituximab and pre-transplant anti-thymocyte globulin (29%) suggesting that
high dose IVIg may be inferior to the combination of plasmapheresis and IVIg but it is difficult
to draw any firm conclusion from an uncontrolled study [73]. Furthermore, there are sugges‐
tions that pre-transplant treatment to lower DSA MFI to <6000 using Luminex is recommended
for successful transplantation and is associated with lower risk of AMR but again, this remains
debatable [14].

Following successful transplantation, ongoing monitoring of DSA and early recognition of
AMR is crucial to avoid early graft loss. On re-exposure to donor antigens against which the
recipient is sensitized, memory B lymphocytes in their spleen, bone marrow and lymph nodes
undergo an anamnestic reaction leading to the development of antibody-producing cells,
which can produce high levels of DSA within days or weeks and therefore, positive cross-
match kidney transplantation requires both pre- and post-transplant interventions to contin‐
ually suppress DSA levels. Although continuing plasmapheresis and/or IVIg post-transplant
following successful desensitization of highly sensitized recipients with positive cross-match
against the donor is generally accepted, there has been no study addressing the type, amount,
duration and cost-effectiveness of such approach [70]. Nevertheless, studies have demonstrat‐
ed a strong association between the development of de novo DSA (especially DQ-DSA or when
there is a rise of DSA >500 MFI) and AMR and graft loss suggesting that that long-term
monitoring of DSA in highly sensitized patients may be appropriate, especially those receiving
class II-incompatible grafts [83-85]. A recent single centre study suggested that post-transplant
DSA surveillance followed by pre-emptive initiation of IVIg and plasmapheresis with rising
DSA titres have successfully improved long-term graft survival [86].

Intravenous gammaglobulins (IVIG) are effective in the successful management of a number
of autoimmune and inflammatory disorders attributed to their immunomodulatory and
immunoregulatory properties. IVIG has been suggested in the management of highly sensi‐
tized renal transplant patients because it eliminates eliminate circulating anti-HLA antibodies,
suppresses the production of these antibodies by inducing B cell apoptosis (and also T cells
and monocytes in vitro) and is a modifier of complement activation and injury [87, 88]. There
is now considerable debate among the transplant community regarding the balance between
the benefits and harms associated with IVIG desensitising patients with high immunological
risks. t[89, 90]. One small but significant side effect associated with the use of high dose IVIg
is the risk of thrombosis, which may be mitigated by slowing infusion rate (maximum infusion
rate of 100mg/kg/hour), aspirin, enoxaparin and intravenous hydration pre- and post-infusion
[91]. The important side effects of IVIg along with other agents commonly used in the
desensitization protocol are summarized in Table 6. However, it is important to note that many
of the side effects associated with desensitization treatment have been reported in non-
transplant population but should be recognized and advised to patients receiving these
treatments.
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Neutralize circulating anti-
HLA antibodies
Enhance clearance of anti-
HLA antibodies
Inhibit complement
activation
Induce B cell apoptosis
Inhibitory effects on other
immune cells such as
macrophages and natural
killer cells by binding to their
Fcγ receptors

Thrombotic events
Acute renal failure
Haemolytic anaemia
Aseptic meningitis
Anaphylactoid reactions

US$8700
for 120g

Infusion related adverse
events related to osmolality,
minimized by slowing infusion
rate
Reduce thrombotic events by
using aspirin, heparin/
enoxaparin, intravenous fluids
Newer preparation, iso-
osmolar products have higher
titres of antiA±B, resulting in
higher rates of haemolysis

Plasmapheresis
[113]

Removal of circulating anti-
HLA antibodies

Hypotension
Bleeding diathesis
Potential blood-borne
pathogen transmission if
replacement with fresh
frozen plasma is required
(rare)

US$2000
per session

Non-selective removal of
antibodies

Immuno-
adsorption
[74, 114]

Removal of circulating anti-
HLA antibodies

Similar complications as
plasmapheresis

US1600
per session

Higher plasma volume
exchange resulting in higher
antibody removal rate may be
achieved over plasmapheresis.
More selective IgG removal
compared to plasmapheresis

Rituximab
[115]

Chimeric murine/human
monoclonal antibody that
binds to CD20 on pre-B and
mature B lymphocytes

Infection (fungal and
other opportunistic)
Progressive multifocal
leukoencephalopathy

US$3900
for 700mg

Similar effectiveness using
smaller dose

Bortezomib
[116, 117]

Proteasomal inhibitor
causing apoptosis
of plasma cells

Fatigue, weakness
Gastrointestinal
disturbances (common, mild)
Anaemia, thrombocytopenia
(mild, transient)
Peripheral neuropathy (mild,
transient)

US$1322
for 3.5mg

Role in desensitization unclear

Eculizumab
[118, 119]

Humanized monoclonal
antibody against C5
preventing the formation of
membrane attack complex
(C5b-9)

Meningococcal infections
(rare, severe)
Other infections especially
with encapsulated bacteria
Anaemia (rarely serious),
leukopenia
Hypertension, headache,
gastrointestinal upset
(common, mild)

US$5990
per 300mg

Role in desensitization unclear
Requires meningococcal
vaccination at least 2 weeks
prior to transplant

Abbreviation: HLA – human leukocyte antigens.

Table 6. Complications and cost of desensitization treatment.
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In the absence of large randomized controlled trials, the optimal desensitization protocol is
unclear. Observational data have reported desensitization protocols comprising of high or
low-dose IVIg and plasmapheresis with or without rituximab and othetr newer agents such
as bortezomib and eculizumab may be beneficial in selected patients, the rate of AMR remains
extremely high (up to 50% in pre-sensitized positive cross-match patients undergoing
desensitization) and may not be justified in circumstances such as in patients with very strong
pre-transplant DSA levels [19]. The lack of treatment effectiveness among highly sensitised
individuals is not unexpected, because most recommended treatment options such as plas‐
mapheresis, IVIg and rituximab have minimal effects on plasma cells, the critical element of
anti-HLA antibodies production, and AMR. Clinicians should discuss with their patients about
the complexities and the potential side effects associated with any desensitisation protocols,
taking into considerations the underlying immunological risks of the potential transplant
candidates, the potential benefits against the short and longer-term harms such as infection
and cancer risks. Specifically transplant candidates with prior sensitizing events and have DSA
(even at low levels) against potential donor (e.g. husband to wife transplant) are at significant
risk of AMR after transplantation despite r adequate desensitization. If desensitization is
undertaken, this should be initiated 2-3 weeks post-transplant to ensure adequate removal of
anti-HLA DSA pre-transplant with at least a negative CDC cross-match (or reduction in flow
cytometric cross-match results) and persistent reduction in DSA MFI below 2000-5000.
Transplantation should be abandoned if there is rebound of high titres DSA and/or the
crossmatches remained unchanged/positive following desensitisation protocols. Although the
benefit or cost-effectiveness of post-transplant DSA monitoring ± protocol biopsies in improv‐
ing post-transplant graft outcomes remains unclear, it is well established that de novo DSA and
rising pre-transplant DSA are associated with a greater risk of rejection and poorer graft
survival [32, 92, 93]. However, there is no data suggesting that early interventions in renal
transplant recipients who develop de novo DSA or rising DSA would result in an improvement
in graft outcomes. Nevertheless, prospective monitoring of pre-existing DSA or for de novo
DSA ± protocol biopsies should be considered and appropriate treatment instituted in those
who develop histological evidence of rejection. Several proposed desensitization and post-
transplant follow-up algorithms for positive cross-match highly sensitized recipients are
available but the cost-effectiveness and outcomes of these programs remains unknown [80].

7. Conclusion

Despite the availability of more potent immunosuppression, the incidence of AMR continues
to be an important cause of graft loss. Nevertheless, with the evolution of more sensitive
molecular-based HLA-typing and the ability to detect DSA, clinicians have the necessary facts
to critically appraise the immunological risk of each transplant candidate. However, there
continues to be debate on several major issues including the role of non-DSA in transplantation,
the appropriate DSA threshold, complexity in the diagnosis of acute and chronic AMR and
the optimal desensitization protocol for highly sensitized patients. As there continues to be an
increase in the number of highly sensitized renal transplant candidates on the transplant wait-
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list as a result of prior sensitizing events, future studies addressing all these unanswered issues
are critical.
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In the absence of large randomized controlled trials, the optimal desensitization protocol is
unclear. Observational data have reported desensitization protocols comprising of high or
low-dose IVIg and plasmapheresis with or without rituximab and othetr newer agents such
as bortezomib and eculizumab may be beneficial in selected patients, the rate of AMR remains
extremely high (up to 50% in pre-sensitized positive cross-match patients undergoing
desensitization) and may not be justified in circumstances such as in patients with very strong
pre-transplant DSA levels [19]. The lack of treatment effectiveness among highly sensitised
individuals is not unexpected, because most recommended treatment options such as plas‐
mapheresis, IVIg and rituximab have minimal effects on plasma cells, the critical element of
anti-HLA antibodies production, and AMR. Clinicians should discuss with their patients about
the complexities and the potential side effects associated with any desensitisation protocols,
taking into considerations the underlying immunological risks of the potential transplant
candidates, the potential benefits against the short and longer-term harms such as infection
and cancer risks. Specifically transplant candidates with prior sensitizing events and have DSA
(even at low levels) against potential donor (e.g. husband to wife transplant) are at significant
risk of AMR after transplantation despite r adequate desensitization. If desensitization is
undertaken, this should be initiated 2-3 weeks post-transplant to ensure adequate removal of
anti-HLA DSA pre-transplant with at least a negative CDC cross-match (or reduction in flow
cytometric cross-match results) and persistent reduction in DSA MFI below 2000-5000.
Transplantation should be abandoned if there is rebound of high titres DSA and/or the
crossmatches remained unchanged/positive following desensitisation protocols. Although the
benefit or cost-effectiveness of post-transplant DSA monitoring ± protocol biopsies in improv‐
ing post-transplant graft outcomes remains unclear, it is well established that de novo DSA and
rising pre-transplant DSA are associated with a greater risk of rejection and poorer graft
survival [32, 92, 93]. However, there is no data suggesting that early interventions in renal
transplant recipients who develop de novo DSA or rising DSA would result in an improvement
in graft outcomes. Nevertheless, prospective monitoring of pre-existing DSA or for de novo
DSA ± protocol biopsies should be considered and appropriate treatment instituted in those
who develop histological evidence of rejection. Several proposed desensitization and post-
transplant follow-up algorithms for positive cross-match highly sensitized recipients are
available but the cost-effectiveness and outcomes of these programs remains unknown [80].

7. Conclusion

Despite the availability of more potent immunosuppression, the incidence of AMR continues
to be an important cause of graft loss. Nevertheless, with the evolution of more sensitive
molecular-based HLA-typing and the ability to detect DSA, clinicians have the necessary facts
to critically appraise the immunological risk of each transplant candidate. However, there
continues to be debate on several major issues including the role of non-DSA in transplantation,
the appropriate DSA threshold, complexity in the diagnosis of acute and chronic AMR and
the optimal desensitization protocol for highly sensitized patients. As there continues to be an
increase in the number of highly sensitized renal transplant candidates on the transplant wait-

Current Issues and Future Direction in Kidney Transplantation122

list as a result of prior sensitizing events, future studies addressing all these unanswered issues
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1. Introduction

The therapeutic promise of transplanting organs from cadaveric donors, as envisioned by the
pioneers of transplantation, has never been kept because the demand for cadaveric organs has
by far exceeded the supply.

Besides the fact that renal transplantation is the optimal treatment for patients with end stage
renal disease, it provides benefits to the society as a whole as well as to the recipients. Yet, the
donor shortage poses a significant challenge to the transplant community and bare unfavor‐
able consequences: prolonged waiting time and compromise patient survival. Sustained efforts
were done during times to increase both the deceased donor and living donor pool.

The expanded criteria donors also known as non-traditional donors has been credited to lessen
the current shortage of grafts available for transplantation by providing more grafts. Any such
attempt is a two-edged sword since it increases the outcome risk of the suboptimal grafts.

Criteria for living donation were more restrictive compared with cadaver donation but such
reluctance to use living donor marginal grafts is declining since transplantation is a better
option than dialysis.

Expansion criteria allows transplantation of grafts from deceased donors at the extreme age
(above 60 and below 16), with history of hypertension, diabetes or malignancy, hemodynam‐
ically unstable, non-heartbeating, seropositive for hepatitis B or C, with systemic infections, at
high-risk for HIV infection, reduced renal function, anatomic anomalies, or injuries [1].

The waiting list for transplant organs continues to grow and many patients continues to die
while waiting or become unsuitable for organ transplantation. Consequently, many patients
with end stage organ failure are no longer relaying on the waiting list for cadaver transplan‐
tation. There is a trend not only to reconsider the living donor but also to turn the attention
toward spouses, friends or even strangers as possible donors. From medical point of view, all
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these are acceptable alternatives due to advances in immunosuppression which have elimi‐
nated the requirement for a perfect genetic match for a successful organ transplantation. In
many US transplant centers, the number of kidneys obtained from living donors has exceeded
the number of kidneys obtained from cadaver [2].

Although organs from living donors can be transplanted safely, concerns about the protection
of well-being of such donors has prompted the transplantation community to develop a
consensus statement, emphasizing that a living donor should be competent, willing to donate
an organ, and free of coercion.

Regardless of donor type and graft quality, one should keep in mind that never should be
transplanted grafts with a heightened potential for the development of a progressive disease.

Since the rules are continuously evolving, the approach to use of each graft and recipient
selection should be done with caution in order to obtain acceptable results.

2. The living donor

The use of living donors for renal transplantation was critical for the early development of the
field, and in fact, preceded the use of cadaveric donors. At the moment, 20-22% of all kidney
transplants performed in the world were done with grafts from living donors. Most donors
are related genetically to the recipient, but there is an increasing percentage of cases, where
donors are genetically unrelated and includes spouses, friends, or other emotionally related
individuals. As it is known, ethical guidelines mandate that the living donors should not be
coerced and there will be no evidence of financial profit for the donor. As a consequence, the
donation should be considered "a gift of extraordinary value". It is known that the use of living
donors has been associated with a higher success rate than that seen with cadaveric donation.
Due to a higher demand for transplantation and the lack of a parallel increase in the number
of available cadaveric organs, living donation is the only solution for some patients to avoid
long times on waiting list, and occasionally, even the need of dialysis (1).

Better results (both long and short-term)

Consistent early function and easier management

Avoidance of long waiting time for transplantation

Less aggressive immunosuppressive regimens

Emotional gain to donor

Table 1. Advantages of living donation

There is a remote risk of catastrophic outcome of the living donor (1 in 3200 patients), but most
transplant centers and surgeons accept this. Some centers accept only living related donors; others
accept related as well as unrelated donors. These centers come to turns with the possibility of
harming living donors by being highly selective in their acceptance of donors. While surgically
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pragmatic, there is a philosophic fallacy in this approach. The important issues regarding the
donor, in addition to medical suitability, are whether the donor understands the risk of nephrec‐
tomy and whether the donor freely consents. The risk for the donor is the same regardless of the
donor's relationship to the recipient and regardless of the recipient's outcome. The risk for the
surgeon, that is the death of the donor, is no less devastating for the surgeon if the patient is a close
relative to the recipient than if the donor is a stranger.

2.1. Evaluation of the living donor

Usually, the potential living donor is the one who initiates the discussion about donation,
although the recipient or the physician can also rise the issue. The donor than meets with the
nephrologist, transplant surgeon, social worker, and transplant coordinator. All donors are
informed of the risks and benefits of the transplantation compared with the dialysis and the
risks to themselves by donating a kidney, on both short and long term [3, 4]. 1995 data of US
practices founded that reported mortality rate for living donors to be 0.03% and the morbidity
rate to be 0.23%. It is important to screen any relative of a patient with familial renal disease
(polycystic kidney disease, hereditary nephritis) for evidence of occult signs and symptoms,
in order to exclude such donors [5]. On the other hand, kidneys with minor renal abnormalities
can be used safely, once it is determined that function of the such kidneys could not be impaired
after transplantation [6].

Initial evaluation of all potential donors consists of blood and tissue typing. Usually, those
with ABO incompatibility are excluded; compatibility with the Rh factor is unnecessary. All
blood group compatible donors are then tested with the T lymphocyte cross-match. A negative
cross-match will allow further consideration for donation. In the case of multiple potential
donors, the better the antigen match, the grater is the likelihood of being selected for donation,
if all other testing are within normal limits. In general, as long as the donor and the recipient
have a negative T cell cross-match, the operation can be cared out. This is true for both related
and non-related donors who are ABO compatible. Many centers perform a mixed lymphocyte
reaction (MLR) as part of the routine evaluation, but the importance of this test has decreased
with the introduction of better immunosuppression.

Further evaluation for a potential donor consist of a complete medical history and a complete
physical examination, routine laboratory, testing, and serologic evaluation for EBV, herpes
virus, CMV, HIV, and hepatitis B and C viruses. Urinalysis and culture along with 24 hour
urine collection for creatinine clearance and protein excretion, are included as part of the
routine evaluation. If there is any concern regarding a borderline hypertensive pressure
reading, the blood pressure should be measured on the least three and as many as ten separate
occasions. Once all laboratory testing has been performed, the next step is renal arteriography
with an excretion faze to visualize the collecting system. This eliminate the need for intrave‐
nous pyelography. Such testing can be performed on an outpatient basis. Nowadays spiral CT
scan has been used routinely instead of conventional angiography in all centers. The use of
magnetic resonance (MR) angiography is also growing in importance. Donors are judged
unsuitably for a variety of reasons (2).
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long times on waiting list, and occasionally, even the need of dialysis (1).

Better results (both long and short-term)

Consistent early function and easier management

Avoidance of long waiting time for transplantation

Less aggressive immunosuppressive regimens

Emotional gain to donor

Table 1. Advantages of living donation

There is a remote risk of catastrophic outcome of the living donor (1 in 3200 patients), but most
transplant centers and surgeons accept this. Some centers accept only living related donors; others
accept related as well as unrelated donors. These centers come to turns with the possibility of
harming living donors by being highly selective in their acceptance of donors. While surgically
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pragmatic, there is a philosophic fallacy in this approach. The important issues regarding the
donor, in addition to medical suitability, are whether the donor understands the risk of nephrec‐
tomy and whether the donor freely consents. The risk for the donor is the same regardless of the
donor's relationship to the recipient and regardless of the recipient's outcome. The risk for the
surgeon, that is the death of the donor, is no less devastating for the surgeon if the patient is a close
relative to the recipient than if the donor is a stranger.

2.1. Evaluation of the living donor

Usually, the potential living donor is the one who initiates the discussion about donation,
although the recipient or the physician can also rise the issue. The donor than meets with the
nephrologist, transplant surgeon, social worker, and transplant coordinator. All donors are
informed of the risks and benefits of the transplantation compared with the dialysis and the
risks to themselves by donating a kidney, on both short and long term [3, 4]. 1995 data of US
practices founded that reported mortality rate for living donors to be 0.03% and the morbidity
rate to be 0.23%. It is important to screen any relative of a patient with familial renal disease
(polycystic kidney disease, hereditary nephritis) for evidence of occult signs and symptoms,
in order to exclude such donors [5]. On the other hand, kidneys with minor renal abnormalities
can be used safely, once it is determined that function of the such kidneys could not be impaired
after transplantation [6].

Initial evaluation of all potential donors consists of blood and tissue typing. Usually, those
with ABO incompatibility are excluded; compatibility with the Rh factor is unnecessary. All
blood group compatible donors are then tested with the T lymphocyte cross-match. A negative
cross-match will allow further consideration for donation. In the case of multiple potential
donors, the better the antigen match, the grater is the likelihood of being selected for donation,
if all other testing are within normal limits. In general, as long as the donor and the recipient
have a negative T cell cross-match, the operation can be cared out. This is true for both related
and non-related donors who are ABO compatible. Many centers perform a mixed lymphocyte
reaction (MLR) as part of the routine evaluation, but the importance of this test has decreased
with the introduction of better immunosuppression.

Further evaluation for a potential donor consist of a complete medical history and a complete
physical examination, routine laboratory, testing, and serologic evaluation for EBV, herpes
virus, CMV, HIV, and hepatitis B and C viruses. Urinalysis and culture along with 24 hour
urine collection for creatinine clearance and protein excretion, are included as part of the
routine evaluation. If there is any concern regarding a borderline hypertensive pressure
reading, the blood pressure should be measured on the least three and as many as ten separate
occasions. Once all laboratory testing has been performed, the next step is renal arteriography
with an excretion faze to visualize the collecting system. This eliminate the need for intrave‐
nous pyelography. Such testing can be performed on an outpatient basis. Nowadays spiral CT
scan has been used routinely instead of conventional angiography in all centers. The use of
magnetic resonance (MR) angiography is also growing in importance. Donors are judged
unsuitably for a variety of reasons (2).
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Absolute

Lack of discernment

Alcohol or drug addiction

Age less than 18 years

Hypertension: blood pressure over 140/90 mm Hg requiring medication

Diabetes: abnormal glucose tolerance test or HbA1c

Proteinuria: over 300 mg/24 hours

Abnormal glomerular filtration rate: creatinine clearance less than 75 mL/min.

Microscopic hematuria of unexplained cause

History of thrombosis or thrombembolism

Medical significant illness: chronic lung disease, recent malignant tumor, heart disease,

vascular collagen disease,

History of bilateral kidney stones

Family history of autosomal dominant polycystic kidney disease (ADPKD), unless

ultrasound or CT scan is normal and age is over 30 years

Familial history of renal cancer

Bilateral fibromuscular arterial dysplasia

Long-term use of nephrotoxic drugs

HIV positive

Hepatitis B antigen-positive to a negative recipient or unprotected

Other severe infections

Relative

Anatomic abnormalities of the donor's kidney: vascular or urological

Obesity: 30% or more above ideal weight

Young donor with a first degree relative with type I diabetes or renal disease

Significant previous abdominal surgery

Single history of unilateral renal stone disease

ABO incompatible

Positive cross-match

Smoking

Psychiatric disorders

Table 2. Exclusion criteria for living donors

Anyone at risk for the development of acquired renal disease should be excluded.This includes
individuals with diastolic blood pressure constantly above 90 mm Hg, or who required
hypertensive medication to control their blood pressure.

History of hypertension is not by itself a reason for exclusion if the donor is normotensive and
off medication, but the donor should be carefully examined for preexisting renal disease or for
the risk of development of renal disease later in life.

Potential donors for siblings with diabetes routinely undergo a five hours glucose tolerance
test, and 24 hour urine specimen must be free of proteinuria. Some centers require that the
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donor be at least 10 years older than the age of the recipient at the time of diagnosis of the
diabetes. The measurement of the haemoglobin A1c and anti-islet antibodies also can be
included in the evaluation of any potential related living donor for a recipient with diabetes.
Unexplained microscopic hematuria may be an indication of an underlying renal disease such
as glomerulonephritis, but it may not be detected before donation. Finding as few as three red
cells per high power field may appear unimportant at first but may be an indicator of potential
future problems.

History of thrombembolism or thromboflebitis places the potential donor at increased risk of
pulmonary embolism and therefore it precludes donation. This is also true for patients with
heart disease, or history of malignant neoplasia. Obesity may be a relative contraindication for
any potential donor, if it is more than 30% above ideal body weight. These individuals should
be advised to loose the excess body weight before the transplant is scheduled, to decrease the
risk of pulmonary embolism or cardiac complications.

Patients with clinically significant psychiatric disorders should be fully evaluated by a
psychiatrist to established that the donor understands and agrees to the proposed procedure.

Once a full evaluation has been performed, if examination of the donor's kidney vascular
supply and drainage system reveals an abnormality, it must be decided whether the risk
imposed on the donor or the recipient are too great. With regard to vascular abnormalities we
tend to use donor kidneys with three or more arteries if there is a good immunological
correspondence and a strong determination for donation and if dialysis tolerance of the
recipient is bad [7,8]. Abnormalities such as aneurisms, renal artery stenosis, fibro-muscular
dysplasia, if limited in sized and area, can often be resected, repaired, or excised on the back
table. Such pathological addition should bee limited to one kidney, living as a rule, the normal
kidney in place. Given this caveats, it may be possible to use such donors [9].

Excision and reconstruction of such abnormalities is, in a sense, a of form of treatment of this
donors, although care must be taken to avoid living either the donor or the recipient with less
than a perfect outcome.

2.2. Preoperative management

Once the evaluation has demonstrated that there are no abnormalities serious enough to
exclude donation, the donor can be admitted to the hospital after a spiral CT scan was
performed. Many insurance companies are now restricting admissions to the day of the
operation. In such cases intravenous hydration can be given overnight on an outpatient basis,
or started on arrival at the hospital. Such hydration is important to help ensure adequate
diuresis during the donor operation. Preoperative assessment by the anesthesiologist and the
pain management team can make for a more comfortable postoperative recovery.

The donor is instructed preoperatively on the use of spirometer, and on the use of leg support
stockings and the sequential compression device system to prevent venous stasis. After
entering the operating room and before the incision, the patient should receive a dose of
intravenous antibiotic. Although preoperative skin cleaning is recommended; hair clipping is
avoid until just before incision.
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Absolute
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Other severe infections

Relative

Anatomic abnormalities of the donor's kidney: vascular or urological

Obesity: 30% or more above ideal weight

Young donor with a first degree relative with type I diabetes or renal disease

Significant previous abdominal surgery

Single history of unilateral renal stone disease

ABO incompatible
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Smoking

Psychiatric disorders
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individuals with diastolic blood pressure constantly above 90 mm Hg, or who required
hypertensive medication to control their blood pressure.

History of hypertension is not by itself a reason for exclusion if the donor is normotensive and
off medication, but the donor should be carefully examined for preexisting renal disease or for
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Unexplained microscopic hematuria may be an indication of an underlying renal disease such
as glomerulonephritis, but it may not be detected before donation. Finding as few as three red
cells per high power field may appear unimportant at first but may be an indicator of potential
future problems.

History of thrombembolism or thromboflebitis places the potential donor at increased risk of
pulmonary embolism and therefore it precludes donation. This is also true for patients with
heart disease, or history of malignant neoplasia. Obesity may be a relative contraindication for
any potential donor, if it is more than 30% above ideal body weight. These individuals should
be advised to loose the excess body weight before the transplant is scheduled, to decrease the
risk of pulmonary embolism or cardiac complications.

Patients with clinically significant psychiatric disorders should be fully evaluated by a
psychiatrist to established that the donor understands and agrees to the proposed procedure.

Once a full evaluation has been performed, if examination of the donor's kidney vascular
supply and drainage system reveals an abnormality, it must be decided whether the risk
imposed on the donor or the recipient are too great. With regard to vascular abnormalities we
tend to use donor kidneys with three or more arteries if there is a good immunological
correspondence and a strong determination for donation and if dialysis tolerance of the
recipient is bad [7,8]. Abnormalities such as aneurisms, renal artery stenosis, fibro-muscular
dysplasia, if limited in sized and area, can often be resected, repaired, or excised on the back
table. Such pathological addition should bee limited to one kidney, living as a rule, the normal
kidney in place. Given this caveats, it may be possible to use such donors [9].

Excision and reconstruction of such abnormalities is, in a sense, a of form of treatment of this
donors, although care must be taken to avoid living either the donor or the recipient with less
than a perfect outcome.

2.2. Preoperative management

Once the evaluation has demonstrated that there are no abnormalities serious enough to
exclude donation, the donor can be admitted to the hospital after a spiral CT scan was
performed. Many insurance companies are now restricting admissions to the day of the
operation. In such cases intravenous hydration can be given overnight on an outpatient basis,
or started on arrival at the hospital. Such hydration is important to help ensure adequate
diuresis during the donor operation. Preoperative assessment by the anesthesiologist and the
pain management team can make for a more comfortable postoperative recovery.

The donor is instructed preoperatively on the use of spirometer, and on the use of leg support
stockings and the sequential compression device system to prevent venous stasis. After
entering the operating room and before the incision, the patient should receive a dose of
intravenous antibiotic. Although preoperative skin cleaning is recommended; hair clipping is
avoid until just before incision.
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2.3. Surgical alternatives in life donor nephrectomy

Regarding the surgical habits and the existing experience, there are several ways of harvesting
kidneys from living donors [10-12].

• Classic transperitoneal approach, either throw midline, or throw a left or right subcostal
incision.

• Subcostal extraperitoneal approach (left or wright).

• Dorsal lumbotomy approach. The incision can be performed either underneath the XIIth
rib, resecting the XIIth rib, or above the XIIth rib (extraperitoneal, extrapleural).

• Laparoscopic approach either transperitoneal or retroperitoneoscopic.

2.4. Laparoscopic approach for living donor nephrectomy

The introduction of laparoscopic living kidney donation has been a major advance in organ
donation. First introduced with some reticence only in selected centers, this procedures are
now the preferred surgical approach in almost all transplant programs in United States and
Europe. Usually, the program that offers this kind of procedure have a high rates of living
kidney donation. The major benefit of laparoscopic technique includes significant reduction
of surgical pain, postoperative convalescence, and recovery time. As a result, the laparoscopic
donor nephrectomy has been responsible for expanding the pool of living donors and may
account for the increased popularity and frequency of living donation. Long term renal
function is not different between open nephrectomy and laparoscopic nephrectomy. About
75% of living donor transplant nephrectomies world wide employ laparoscopic technique,
either transperitoneal or retroperitoneal.

2.5. Open living donor nephrectomy

The traditional method for removing kidney from a living donor has been open surgical
technique, in majority of cases using a flank incision. In selected cases in which the donor has
motivation which precluded laparoscopic access (e.g. significant prior abdominal surgery), or
in some cases of complex vascular anatomy, an open surgical approach is preferred. Some
centers advocate the use of open surgery for pediatric patients, although the age of recipient
is not universally considered an indication for open renal procurement. Most donor surgeon
use a donor flank incision, extra pleural and extra peritoneal above or below the XIIth rib.

As it is in any surgical approach, the kidney must be very carefully dissected to preserve renal
veins and periureteral blood supply. Excessive pressure on the renal artery is avoided to
prevent a vasospasm. After the renal vessels are securely ligated and divided the kidney is
removed and placed in a basin of frozen saline slush to decrease the renal metabolism and
after that the vessels are un-ligated and flushed with heparinized solution for both procedures,
either laparoscopic harvesting or classic surgery.
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2.6. Postoperative care

Postoperative care of a living donor is fairly standard. Adequate postoperative analgesia is a
key factor including postoperative complications such atelectasia and pneumonia [15].
Infections should not occur with appropriate antibiotic prophylaxis. The continuous use of leg
stoching and sequential compression devices are essential to prevent deep venous thrombosis
of the lower limb. Most patients are often ambulatory by postoperative day 1 or 2 and tolerating
oral feedings by postoperative day 2 or 3. The donor can be discharged by postoperative day
2 to 6. The renal function of the donor should be assessed periodically after the operation, as
some patients experience a 25% increase in serum creatinine level; this should return near
baseline by 3 months after the operation. In fact there are no convincing data to suggest that
living donors are at any increased long term risk as a result as having donating the kidney.

2.7. Long term complications

The immediate operative risk to the donor can be stated with some certainty but the long terms
effects are not completely understood. Follow-up, in general, is reassuringly but incomplete.
Most folow-up studies of living kidney donors find no decrease in long term survival. All
existing follow-up found an at least 85% survival up to 31 year after donation, compared to a
predicted 66% in general population of similar age. The survival advantage at the living donors
was attributed to the selection bias of only healthy individual as renal donors and at better
follow up for them. Concerns regarding the possibility that donors will develop end stage renal
disease (ESRD) is:

• hyper filtration in the remaining kidney will lead to focal segmental glomerulosclerosis and
renal failure, that is donation per se will cause renal failure,

• the second concern is that donor will develop primary renal disease. The donors who
develop primary renal disease will progress to renal failure more quickly because they have
a lower than normal renal mass at onset of a primary renal disease. The later concern applies
to a family with a history that put them for a risk of renal disease, for example: patient with
type II diabetes.

Many follow-up studies have noted an increase in hypertension and proteinuria as well as a
statistically but not clinically significant increase in serum creatinine. There are studies which
found an increase in 20% of patients with blood pressure (15%-48%) [16] but it is not clear if
hypertension is more common to this group than in general population.

Another study is finding that 35% of patients are taking anti-hypertensive medications and
23% are having proteinuria compared with 44% and 22% respectively for controls [17]. On the
other side, even if the donor has a normal renal function, the glomerular filtration rate is in
fact maintained by hyper filtration.

One thing is for sure, that in all follow-up studies, majority of the donors which are altruistic
donors, drive a tremendous degree of satisfaction and an increased of self esteem for their
donation. As a consequence, donors interviewed considered their donation as an act of heroism
and generosity with which nothing else in their life can be compared [18]. More than 90% said
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that they would donate if they have it to do over again, and fewer than 10% expressed any
regret about donating [19].

2.8. Policies to enhance living donation

The therapeutic  promise  of  transplanting organs  from cadaveric  donors  has  never  been
kept  because  the  demand for  transplantation  has  by  far  exceeded the  possibilities.  The
waiting  list  for  transplants  continues  to  grow  and  in  2005  nearly  5000  patients  were
removed from the waiting list because of the death. Consequently many patients with end
stage organ failure are no longer relaying on waiting list. Than the attention was turning
toward living donors others than they have been classically admitted i.e. toward spouses,
friends,  or  even  strangers,  as  possible  donors.  From  medical  point  of  view,  these  are
acceptable  alternatives,  due  to  the  fact  that  immunosuppression  has  eliminated  the
requirement for a perfect genetic match in order to have a successful transplantation [20].
In  many  centers  world  wide,  specially  US  transplantation  centers  and  scandinavian
transplant centers,  the number of kidneys transplanted from living donors has exceeded
the number of kidneys obtained from cadaver donors (over 35%) [21].

Although donors from living donors can be transplanted safely, concerns about the protection
of well being of donors has prompted the transplantation community to develop a consensus
statement emphasizing that a living donor should be competent, willing to donate an organ,
and free of any kind of coercion [22]. More than that, the new reliance on organs from living
donor has increased the risk of donation for financial reasons, especially in the case of unrelated
donor. It is world-wide admitted that organ donation has to rely on the voluntarism and
altruism, and uncompensated family members of the donor.

Donor type 1990 2000 2010 relative ratio

Cadaveric 4306 5489 7241 + 1,68

Biologically related

living donors
1831 4030 3046 + 1,66

Emotionally related

living donors
59 667 715 + 12,11

Unrelated living donors 204 804 2516 + 12,33

Total transplants 6400 10990 13518 + 2,11

Table 3. Reported kidney transplants performed in USA [OPTN data]

The purchase of organs is explicitly unlawful in Europe, US, as virtually all other countries but
the shortage of cadaveric organs has led to a world-wide black market for organs from living
donors. That's why patients with sufficient means can travel to distant locations in order to
purchase kidneys for transplantation [23, 24].
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This is a dramatic situation which is generated by continuous shortage of organs for trans‐
plantation and by the increasingly donation rate from unrelated living donors. Such a situation
require significant changes in the transplantation laws which should permit the increase of
living donors and in the same time to stop the organ trade. Very difficult task.

The rate of living donation can be increased by two methods:

• organizing and ethic alternatives,

• medical methods are represented by: laparoscopic harvesting, paired kidney exchange,
transplantation of grafts with anatomic abnormalities (vascular, urinary tract or fusion),
acceptance of patients with low compatibility after a treatment with plasmapheresis and iv
Ig.

2.8.1. Organizing and ethic alternatives to increase the rate of living donation

The motives of living donors and the motives of families of deceased donors, are complex and
not necessarily always pure altruistic [25]. Spouses and siblings, who act as a living donor,
experience a personal reward seeing that the recipient well being is restored. Because the organ
donation is a voluntary and valuable act it should be considered as a charitable gift. Society
could explicitly thank the organ donors for their gift, as it is done with other charitable
contributions, without jeopardizing its altruistic basis. New legislations should embrace
ethically acceptable ways to encourage such charitable donation of organs.

2.8.1.1. Incentives for organ donation

The issue of public incentives to enhance donation is more than just complex but mainly
sensitive. From a philosophical point of view, the body is a part of our personality, thus in
respect with human dignity it would be wrong to use parts of our body as means only [26].
On the other hand, one may assert that everyone is the rightful owner of his person supporting
the idea that the self can decide over its body like any kind of property [27].

Most frequently, the background attitude of general population is to reject incentives for
donation but there might be circumstances under which attitudes may change [28]. For
instance, when the process became transparent: the amount of compensations are specified or
there might be some ethical reasons to do so. The main risk is exploitation of those severe
impoverished on a black market [29].

The valuable exchange of organs is prohibited worldwide, yet there exists national law or
regulations which allows incentives for deceased or living donation [30]. Such incentives
including financial reimbursement, health care-related reimbursement or other recognition for
living donors or deceased donors’ families have been widely debated [31].

Donor medal of honor. Organ procurement organizations must have ceremonies which
recognize and appreciate organ donation. A donor medal of honor enacted by a top official of
the country expresses the appreciation and gratitude on behalf of the whole community to the
living donors and even to the families of the deceased donor [32, 33].
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require significant changes in the transplantation laws which should permit the increase of
living donors and in the same time to stop the organ trade. Very difficult task.

The rate of living donation can be increased by two methods:

• organizing and ethic alternatives,

• medical methods are represented by: laparoscopic harvesting, paired kidney exchange,
transplantation of grafts with anatomic abnormalities (vascular, urinary tract or fusion),
acceptance of patients with low compatibility after a treatment with plasmapheresis and iv
Ig.

2.8.1. Organizing and ethic alternatives to increase the rate of living donation

The motives of living donors and the motives of families of deceased donors, are complex and
not necessarily always pure altruistic [25]. Spouses and siblings, who act as a living donor,
experience a personal reward seeing that the recipient well being is restored. Because the organ
donation is a voluntary and valuable act it should be considered as a charitable gift. Society
could explicitly thank the organ donors for their gift, as it is done with other charitable
contributions, without jeopardizing its altruistic basis. New legislations should embrace
ethically acceptable ways to encourage such charitable donation of organs.

2.8.1.1. Incentives for organ donation

The issue of public incentives to enhance donation is more than just complex but mainly
sensitive. From a philosophical point of view, the body is a part of our personality, thus in
respect with human dignity it would be wrong to use parts of our body as means only [26].
On the other hand, one may assert that everyone is the rightful owner of his person supporting
the idea that the self can decide over its body like any kind of property [27].

Most frequently, the background attitude of general population is to reject incentives for
donation but there might be circumstances under which attitudes may change [28]. For
instance, when the process became transparent: the amount of compensations are specified or
there might be some ethical reasons to do so. The main risk is exploitation of those severe
impoverished on a black market [29].

The valuable exchange of organs is prohibited worldwide, yet there exists national law or
regulations which allows incentives for deceased or living donation [30]. Such incentives
including financial reimbursement, health care-related reimbursement or other recognition for
living donors or deceased donors’ families have been widely debated [31].

Donor medal of honor. Organ procurement organizations must have ceremonies which
recognize and appreciate organ donation. A donor medal of honor enacted by a top official of
the country expresses the appreciation and gratitude on behalf of the whole community to the
living donors and even to the families of the deceased donor [32, 33].
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Medical leave for organ donation. Currently organ donors risk loss of wages or even loss of
employment because the time away from the work that is required for donation [34,35]. In
many countries there are legislations that provide a 30 day medical leave for all employees
who donate an organ for transplantation [36]. However, no one should have to incur a personal
expense for donating an organ. Many national organizations are doing an effort to encourage
hospitals with transplantation services to provide paid medical leave for employees who
become organ donors. Even if legislation emphasizing that enrichment should not be the
reason for the donation, paid medical leave has to be available to a larger number of would-
be donors [37].

Ensuring access to organs for previous donors. As you have seen up to now, the majority of
living donors are doing well after donation. However, it has been established that at 10 years
after donation, under 5% of those who donated the kidney developed ESRD; this donors are
being placed on waiting list for cadaver organs [38]. Despite the additional allocation priority
points, these donors have to wait for a cadaveric kidney, some of them for a long period of
time. The health and well being of living donor should be monitored in a follow-up register
in order to document medical problems associated with donation that occur over ensuing years
[22]. The need for a transplant in a previous kidney donor should be considered a high priority
in the allocation of the organs.

Donor insurance. The fact that there are being cases in which a kidney donor died immediately
after donation or needed a kidney transplant at a later date, serves as a reminder that a
nephrectomy (any kind of nephrectomy) is not a risk free procedure. A survey at some centers
of transplantation show that at least two kidney donors had died from perioperative compli‐
cations after a kidney donation and some of them had a persistent complication [39].

As a consequence, it should be enacted national plans to provide life and disability ensures for
all living donors including a mechanism to ensure that they do not incur catastrophic medical
expenses as a result of a donation.

2.8.1.2. Organ exchanges

Since the report of Rapaport which introduced the concept of paired kidney exchange as a
method to enhance the number of living donors, these techniques have been applied in several
countries with lower cadaver donation rates like Mexico, South Korea, Japan, and Europe
(Holland and Romania).

Many persons who wished to donate an organ to a spouse or another family member where
unable to help them due to incompatible blood type or other immunological barriers (positive
cross-match). A program of paired kidney exchange addresses this problem by permitting an
exchange of organs from two living donors [34] or from one living donor to one deceased
donor. In the later approach, recently introduced in New England and Holland, a living donor
incompatible with his intending recipient, donates an organ to a compatible patient on the
waiting list for cadaveric organs in exchange for a priority allocation of a cadaveric organ to
the donor's intended recipient. Thus, two transplantations are performed in circumstances that
otherwise had permitted neither. Because such exchange could open the door to a paid
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donorship, the same prohibition against the payment donor should be applied to organ
exchanges.

Legal issues. Initially, most countries limited traditional transplantation to genetically of strong
emotionally related pairs. With extend of paired kidney donation, such limitations were
removed to allow both altruistic non-directed donation and paired donation. Although, any
exchange in paired donation represent in fact a transaction between parts, it do not involve
financial values. It is advisable that such a issue should be explicitly addressed by the legal
framework of every country.

Allocation algorithm. Grafts allocation in paired kidney donation is one of the domain who
largely benefits from theories derived from economics regarding stable allocation and the
practice of market design [40]. The main goal is to maximize the number of matched pairs.
Any such program should overcome the disadvantage of O recipients by increasing the
likelihood to receive a compatible graft. The risk of a positive cross-match with a from the
donor pool might be assessed by considering the HLA antibody profile of the recipients and
the HLA profile of the donors [41, 42]. When done on a national scale, such a matching should
include distance between transplant centers, matching the virusologic profile of the recipient
and donor, donor’s age and size. Recipients from such pairs will be suspended from the waiting
list until either they will be transplanted or a incompatibility test will reveal that the exchange
is not possible. List paired donation may increase the rate of transplants by expanding the
donor pool. In such an exchange, an incompatible donor who will donate to a recipient from
the waiting list while his recipient will receive a high priority for the allocation for a deceased
donor kidney [43, 44]. There are several concerns regarding ethical and legal issues. Such a
transplant is designed to give an alternative to O blood type recipients with a non-O incom‐
patible donor. The immediate consequence is the transplantation of a non-O blood group
recipient from the waiting list and the addition of a O blood group recipient. This way, there
will be an increased pressure over the O blood group recipients [43, 44].

Matching algorithms. Different matching algorithms were designed to maximize the number
of recipients with an incompatible living donor will undergo renal transplantation. After an
initial experience with two pairs, the number of pairs involved in a paired kidney transplan‐
tation increases to three, four and even more and the procedure gain worldwide acceptance.
Involving of more than two pairs increases the chances to get a renal transplant but in order
to avoid the withdrawal risk requires six or more operations to be done at the same time.
Designed for O blood group recipients, exchanging of an incompatible kidney for a preferential
position on the waiting list increases the recipient’s chances for a renal transplantation but
decreases the chances of other O blood group recipients from the waiting list [45-48]. This
situation creates ethic dilemmas. Generalizing such list exchanges to any blood group recipient
with a living donor available but incompatible, may overcome this issue.

Altruistic donation or non-directed donation is more ethical and legal challenging. It is difficult
to believe and understand that a good Samaritan really exists and even when exists, national
law framework should allow transplantation from unrelated living donor. Altruistic donors
may be allocated to a waiting list or to initiate an open chain of paired transplantations [46,49].
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Medical leave for organ donation. Currently organ donors risk loss of wages or even loss of
employment because the time away from the work that is required for donation [34,35]. In
many countries there are legislations that provide a 30 day medical leave for all employees
who donate an organ for transplantation [36]. However, no one should have to incur a personal
expense for donating an organ. Many national organizations are doing an effort to encourage
hospitals with transplantation services to provide paid medical leave for employees who
become organ donors. Even if legislation emphasizing that enrichment should not be the
reason for the donation, paid medical leave has to be available to a larger number of would-
be donors [37].

Ensuring access to organs for previous donors. As you have seen up to now, the majority of
living donors are doing well after donation. However, it has been established that at 10 years
after donation, under 5% of those who donated the kidney developed ESRD; this donors are
being placed on waiting list for cadaver organs [38]. Despite the additional allocation priority
points, these donors have to wait for a cadaveric kidney, some of them for a long period of
time. The health and well being of living donor should be monitored in a follow-up register
in order to document medical problems associated with donation that occur over ensuing years
[22]. The need for a transplant in a previous kidney donor should be considered a high priority
in the allocation of the organs.

Donor insurance. The fact that there are being cases in which a kidney donor died immediately
after donation or needed a kidney transplant at a later date, serves as a reminder that a
nephrectomy (any kind of nephrectomy) is not a risk free procedure. A survey at some centers
of transplantation show that at least two kidney donors had died from perioperative compli‐
cations after a kidney donation and some of them had a persistent complication [39].

As a consequence, it should be enacted national plans to provide life and disability ensures for
all living donors including a mechanism to ensure that they do not incur catastrophic medical
expenses as a result of a donation.

2.8.1.2. Organ exchanges

Since the report of Rapaport which introduced the concept of paired kidney exchange as a
method to enhance the number of living donors, these techniques have been applied in several
countries with lower cadaver donation rates like Mexico, South Korea, Japan, and Europe
(Holland and Romania).

Many persons who wished to donate an organ to a spouse or another family member where
unable to help them due to incompatible blood type or other immunological barriers (positive
cross-match). A program of paired kidney exchange addresses this problem by permitting an
exchange of organs from two living donors [34] or from one living donor to one deceased
donor. In the later approach, recently introduced in New England and Holland, a living donor
incompatible with his intending recipient, donates an organ to a compatible patient on the
waiting list for cadaveric organs in exchange for a priority allocation of a cadaveric organ to
the donor's intended recipient. Thus, two transplantations are performed in circumstances that
otherwise had permitted neither. Because such exchange could open the door to a paid
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donorship, the same prohibition against the payment donor should be applied to organ
exchanges.

Legal issues. Initially, most countries limited traditional transplantation to genetically of strong
emotionally related pairs. With extend of paired kidney donation, such limitations were
removed to allow both altruistic non-directed donation and paired donation. Although, any
exchange in paired donation represent in fact a transaction between parts, it do not involve
financial values. It is advisable that such a issue should be explicitly addressed by the legal
framework of every country.

Allocation algorithm. Grafts allocation in paired kidney donation is one of the domain who
largely benefits from theories derived from economics regarding stable allocation and the
practice of market design [40]. The main goal is to maximize the number of matched pairs.
Any such program should overcome the disadvantage of O recipients by increasing the
likelihood to receive a compatible graft. The risk of a positive cross-match with a from the
donor pool might be assessed by considering the HLA antibody profile of the recipients and
the HLA profile of the donors [41, 42]. When done on a national scale, such a matching should
include distance between transplant centers, matching the virusologic profile of the recipient
and donor, donor’s age and size. Recipients from such pairs will be suspended from the waiting
list until either they will be transplanted or a incompatibility test will reveal that the exchange
is not possible. List paired donation may increase the rate of transplants by expanding the
donor pool. In such an exchange, an incompatible donor who will donate to a recipient from
the waiting list while his recipient will receive a high priority for the allocation for a deceased
donor kidney [43, 44]. There are several concerns regarding ethical and legal issues. Such a
transplant is designed to give an alternative to O blood type recipients with a non-O incom‐
patible donor. The immediate consequence is the transplantation of a non-O blood group
recipient from the waiting list and the addition of a O blood group recipient. This way, there
will be an increased pressure over the O blood group recipients [43, 44].

Matching algorithms. Different matching algorithms were designed to maximize the number
of recipients with an incompatible living donor will undergo renal transplantation. After an
initial experience with two pairs, the number of pairs involved in a paired kidney transplan‐
tation increases to three, four and even more and the procedure gain worldwide acceptance.
Involving of more than two pairs increases the chances to get a renal transplant but in order
to avoid the withdrawal risk requires six or more operations to be done at the same time.
Designed for O blood group recipients, exchanging of an incompatible kidney for a preferential
position on the waiting list increases the recipient’s chances for a renal transplantation but
decreases the chances of other O blood group recipients from the waiting list [45-48]. This
situation creates ethic dilemmas. Generalizing such list exchanges to any blood group recipient
with a living donor available but incompatible, may overcome this issue.

Altruistic donation or non-directed donation is more ethical and legal challenging. It is difficult
to believe and understand that a good Samaritan really exists and even when exists, national
law framework should allow transplantation from unrelated living donor. Altruistic donors
may be allocated to a waiting list or to initiate an open chain of paired transplantations [46,49].
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Utilizing living donors may decrease the pressure for renal transplantation. Moreover,
implementing of different types of kidney exchange could give further solutions to increase
the transplantation rates. Combining different approaches to kidney exchange may create
complex and versatile solutions to the incompatibility issue, even finding a better match for
compatible pairs.

2.8.2. Medical methods to increase the number of living donation

2.8.2.1. Acceptance of grafts with anatomic anomalies

The number of donations can be increased by accepting donors with anatomic anomalies
(multiples arteries, multiple veins, moderate dysfunction of the UPJ, renal cyst, complete
duplicate ureteral system, solitary stone) which can be corrected in bench surgery.

Anatomical anomalies of the kidney have been considered for a long time as an absolute
contraindication for living donation. Even now, many nephrological centers are including in
their exclusion criteria for live related or unrelated donation items like urological abnormalities
in donors or history or presence of any kidney stones.

But in our days, the majority of transplant centers with experience in the field, due to the
shortage of the living donors pool, are considering the contraindication for using grafts with
anatomical anomalies just a relative contraindication. Occasionally, the donor has minor
unilateral abnormalities such as a renal cyst, ureteropelvic junction obstruction, solitary stones,
duplex ureteral system, etc. If the related donor with a good immunological correspondence
with the recipient has an abnormal kidney and is the only one available and the evolution of
the recipient on hemodialysis is unacceptable, it is advisable to transplant the abnormal kidney,
living the donor with the best one.

2.8.2.2. Acceptance of donors with multiple arteries and veins

The management of multiple renal arteries (MRA) are considered technically demanding in
renal transplantation programs with kidneys from related or unrelated living donors. Some
programs consider the use of multiple arteries and veins as a relative contraindication, because
of increased risk of vascular and urological complications.

In addition, the rapidly increasing laparoscopic kidney donation has been accompanied by a
significant shift in surgical practice [50,51]. Many centers which are performing laparoscopic
harvesting restrict it to the left kidney [52-54]. The limitation to the left kidney leads to a higher
utilization rate of kidneys with multiple arteries; in the literature, incidence of unilateral
multiple renal arteries is between 18% and 30%, unless one limits laparoscopic nephrectomy
only to the kidney with normal anatomy which is precluding 30% of all donors.

By accepting grafts with multiple renal arteries, one may theoretically accept an adverse effect
on the outcome of those grafts. Previous authors [55,56], stated that MRA in their reconstruc‐
tion were associated with several post-transplant complications. This is the motivation why
such anatomy was considered to be a transplant contraindication. The most frequent vascular
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complications which were encountered in reconstruction of multiple arteries were graft
thrombosis, stenosis of the renal artery, and an increased risk of reno-vascular hypertension
[55-57]. The most frequently ureteral complication encountered [58] were ureteral necrosis and
pelvi-caliceal fistulas.

Smaller arteries are more prone to develop premature atherosclerotic occlusion. If that happens
with a small accessory lower pole artery it would lead to ischemic distal ureteral stricture.

Any way, recent data collected from the centers and program of renal transplantation with
experience in the field, display above any doubt that procurement of kidneys with multiple
renal arteries can be accomplished safely and not impose additional medical, social, econom‐
ical or postoperative clinical evolution burden, on the donor and the recipient.

Overall intraoperative and early postoperative complications of the recipients are not signifi‐
cantly different from the evolution of the recipients who received grafts with single arteries.
A low rate of vascular complications is achieved using standard microvascular reconstruction
technique with or without autologous vein patches [59-61] or extension graft. More than that,
early graft function assessed by urine output and serum creatinine measurements were not
significantly different among grafts with single arteries or grafts with multiple reconstructed
arteries. In addition, long term quality of function, rejection, graft loss rates and graft survival
were also similar. More than that, overall graft survival rates of this patients is exceeding 90%
at 3 years.

In summary, the introduction of laparoscopic donor nephrectomy has significantly increased
the number of grafts with multiple renal artery. Utilization of this donors, increase the rate of
donation with 30% in specific centers. Modern techniques based on microsurgery have
reduced dramatically incidence of above mentioned complications. From a patient outcome
based perspective, this change in practice showed to be safe for both donors and recipients.

2.8.2.3. Laparoscopic donor nephrectomy - alternative to increase the rate of living donation

One great potential means for obtaining more kidneys is throw live donation. When compared
with cadaveric renal transplantation, living donor transplantation has several advantages, in
fact well known, which includes better graft survival, more rapid renal function after trans‐
plantation, shorter hospitalization and finally lower cost. However, several barriers exists for
potential living donors. Significant time is involved when one donates a kidney. Many
individuals do not have adequate financial and social support available that would allow them
to make a personal sacrifice and a time commitment necessary for kidney donation. Moreover,
the relatively prolonged convalescence can have significant financial impact on donor. Finally,
fear of pain as well cosmetic concerns, associated with flank incision, can militate against
kidney donation.

Laparoscopic living donor nephrectomy (LLDN) with all its alternatives (transperitoneal
approach, retroperitoneal approach, hand assisted laparoscopic nephrectomy) was introduced
in 1995 by Ratner and Kavoussi [62].
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Utilizing living donors may decrease the pressure for renal transplantation. Moreover,
implementing of different types of kidney exchange could give further solutions to increase
the transplantation rates. Combining different approaches to kidney exchange may create
complex and versatile solutions to the incompatibility issue, even finding a better match for
compatible pairs.

2.8.2. Medical methods to increase the number of living donation

2.8.2.1. Acceptance of grafts with anatomic anomalies

The number of donations can be increased by accepting donors with anatomic anomalies
(multiples arteries, multiple veins, moderate dysfunction of the UPJ, renal cyst, complete
duplicate ureteral system, solitary stone) which can be corrected in bench surgery.

Anatomical anomalies of the kidney have been considered for a long time as an absolute
contraindication for living donation. Even now, many nephrological centers are including in
their exclusion criteria for live related or unrelated donation items like urological abnormalities
in donors or history or presence of any kidney stones.

But in our days, the majority of transplant centers with experience in the field, due to the
shortage of the living donors pool, are considering the contraindication for using grafts with
anatomical anomalies just a relative contraindication. Occasionally, the donor has minor
unilateral abnormalities such as a renal cyst, ureteropelvic junction obstruction, solitary stones,
duplex ureteral system, etc. If the related donor with a good immunological correspondence
with the recipient has an abnormal kidney and is the only one available and the evolution of
the recipient on hemodialysis is unacceptable, it is advisable to transplant the abnormal kidney,
living the donor with the best one.

2.8.2.2. Acceptance of donors with multiple arteries and veins

The management of multiple renal arteries (MRA) are considered technically demanding in
renal transplantation programs with kidneys from related or unrelated living donors. Some
programs consider the use of multiple arteries and veins as a relative contraindication, because
of increased risk of vascular and urological complications.

In addition, the rapidly increasing laparoscopic kidney donation has been accompanied by a
significant shift in surgical practice [50,51]. Many centers which are performing laparoscopic
harvesting restrict it to the left kidney [52-54]. The limitation to the left kidney leads to a higher
utilization rate of kidneys with multiple arteries; in the literature, incidence of unilateral
multiple renal arteries is between 18% and 30%, unless one limits laparoscopic nephrectomy
only to the kidney with normal anatomy which is precluding 30% of all donors.

By accepting grafts with multiple renal arteries, one may theoretically accept an adverse effect
on the outcome of those grafts. Previous authors [55,56], stated that MRA in their reconstruc‐
tion were associated with several post-transplant complications. This is the motivation why
such anatomy was considered to be a transplant contraindication. The most frequent vascular
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complications which were encountered in reconstruction of multiple arteries were graft
thrombosis, stenosis of the renal artery, and an increased risk of reno-vascular hypertension
[55-57]. The most frequently ureteral complication encountered [58] were ureteral necrosis and
pelvi-caliceal fistulas.

Smaller arteries are more prone to develop premature atherosclerotic occlusion. If that happens
with a small accessory lower pole artery it would lead to ischemic distal ureteral stricture.

Any way, recent data collected from the centers and program of renal transplantation with
experience in the field, display above any doubt that procurement of kidneys with multiple
renal arteries can be accomplished safely and not impose additional medical, social, econom‐
ical or postoperative clinical evolution burden, on the donor and the recipient.

Overall intraoperative and early postoperative complications of the recipients are not signifi‐
cantly different from the evolution of the recipients who received grafts with single arteries.
A low rate of vascular complications is achieved using standard microvascular reconstruction
technique with or without autologous vein patches [59-61] or extension graft. More than that,
early graft function assessed by urine output and serum creatinine measurements were not
significantly different among grafts with single arteries or grafts with multiple reconstructed
arteries. In addition, long term quality of function, rejection, graft loss rates and graft survival
were also similar. More than that, overall graft survival rates of this patients is exceeding 90%
at 3 years.

In summary, the introduction of laparoscopic donor nephrectomy has significantly increased
the number of grafts with multiple renal artery. Utilization of this donors, increase the rate of
donation with 30% in specific centers. Modern techniques based on microsurgery have
reduced dramatically incidence of above mentioned complications. From a patient outcome
based perspective, this change in practice showed to be safe for both donors and recipients.

2.8.2.3. Laparoscopic donor nephrectomy - alternative to increase the rate of living donation

One great potential means for obtaining more kidneys is throw live donation. When compared
with cadaveric renal transplantation, living donor transplantation has several advantages, in
fact well known, which includes better graft survival, more rapid renal function after trans‐
plantation, shorter hospitalization and finally lower cost. However, several barriers exists for
potential living donors. Significant time is involved when one donates a kidney. Many
individuals do not have adequate financial and social support available that would allow them
to make a personal sacrifice and a time commitment necessary for kidney donation. Moreover,
the relatively prolonged convalescence can have significant financial impact on donor. Finally,
fear of pain as well cosmetic concerns, associated with flank incision, can militate against
kidney donation.

Laparoscopic living donor nephrectomy (LLDN) with all its alternatives (transperitoneal
approach, retroperitoneal approach, hand assisted laparoscopic nephrectomy) was introduced
in 1995 by Ratner and Kavoussi [62].
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Laparoscopic  nephrectomy is  more  technically  demanding than other  standard abdomi‐
nal  laparoscopic  procedures.  The surgeon experience  is  crucial  for  minimizing potential
morbidity.  Significant  operative  differences  are  between  open  and  laparoscopic  donor
nephrectomy.  The  later  approach  requires  a  different  set  of  technical  skills  than  that
associated with traditional open surgery. The endoscopic video image is only two dimen‐
sional and much narrower when compared with direct vision afforded by open surgery.
The types of instrumentation available for working throw the small  incision afford only
restricted degrees of freedom when compared to the human hand. Moreover,  the tactile
sensation,  currently  can  not  be  transmitted  through the  instrument.  The  differences  are
giving a  longer  operative time with one or  even two hours  when compared with open
donation. All these drawbacks are only partially eliminated by robotic surgery, even if now
there  is  a  three  dimensional  vision  of  operative  field  and  the  mobility  of  the  working
instruments is better than that of human hand.

Even so, laparosccopic renal donation and robotic laparoscopic harvesting offers both
introperatively and postoperatively great benefits to the donor.

Due to magnification provided by the optical system and the video camera, in experienced
hands, the dissection of the renal pedicle is more accurate and if it is realized through retro‐
peritoneal approach it is much more direct and quicker than classical approach.

The decreased size of the incision for extracting kidney and placement of that incision in the
lower abdomen, significantly reduce postoperative pain when compared with traditional
opened surgery; it also reduce traumatism of the abdominal wall, which is followed by a
quicker and better healing and mobilization postoperatively and quicker reintegration of the
patient in society.

Usually, these patients resume their oral intake in the first postoperative day and normal
alimentation in maximum two days after surgery.

All retrospective comparations between open and laparoscopic kidney donation show that
analgesic requirements for LLDN and robotic LDN, were 30% lower than those for open
procedures. Need for oral pain medication is also reduced.

Return to physical demanding work also occurs, on average, 17th days sooner for the laparo‐
scopic group compared with classic operation.

Recipient and graft survival. All retrospective review of the recipient who received a kidney
through laparoscopic or robotic laparoscopic donation compared with those who received
kidney via standard open nephrectomy shows no statistical differences if the groups are
matched in regard with the number of HLA mismatches, donor relationship, diabetes,
previous transplant, gender, or race.

Allograft function. The majority experience in the field attest that all grafts functioned intrao‐
peratively and no clinical significant injury occurred to the graft.
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Laparoscopic Open P value

Estimated blood loss

(mL)
266+/-174 393+/-335 0.027

Operative time (min.) 232+/-33 183+/-27 <0.001

Hospital stay (days) 3.0+/-0.9 5.7+/-1.7 <0.001

Analgesia (days of use)

Oral narcotics 4 12 <0.001

Acetaminophen 3 17 <0.001

Resumed oral intake

(days)
0.8+/-0.5 2.6+/-1.0 <0.001

Returned to work

(weeks)
4.0+/-2.3 6.4+/-3.1 0.003

Table 4. Open versus laparoscopic donor nephrectomy

Allograft rejection. The pneumoperitoneum and retropneumoperitoneum reduces renal blood
flow and urine output. The potential for ischemia can make the donor kidney more allogenic
by inducing MHC class II expression. This problem could be avoided giving donors intrao‐
peratively a 6-8 liters of crystalloid to promote brisk diuresis, and having an accurate dissection
of the renal pedicle and harvesting the kidney only in full diuresis. Biopsy proved rejection in
laparoscopically obtained kidney occurred in 30% of cases compared with 35.4% of cases of
kidneys harvested by open procedure. At 12 months, creatinine clearance in recipient of kidney
from laparoscopic and open procedure were both 66 mL/min. (p = not significant).

Laparoscopic nephrectomy gives less postoperative pain, quicker convalescence, better
cosmetic results when compared with traditional open operation. In experienced hands, this
procedure is accomplished without increasing the risks to donor safety and allograft function.
Complications are comparable to those reported in historic series using open surgery. Longer
operative time and the need of disposable equipment result in greater hospital costs. However,
quicker convalescence permit patients to resume activities sooner and produce market cost
savings both for patients and employer.

2.8.2.4. HLA sensitized and ABO incompatible donor and recipient

During the past decade, several innovative protocols have been adopted to overcome trans‐
plantation across a positive cross-match or an ABO blood group barrier. Protein A immu‐
noadsorbtion, high dose intravenous immunoglobuline (IVIG), low dose iv Ig in combination
with plasmapheresis, rituximab, splenectomy, all of them alone or in combination, can
abrogate a positive cross-match and enhance the chance of a highly sensitized patients to
receive a cross-match negative organ. Similar strategies can be used for ABO incompatible
donors and are particularly effective when the titter of blood group antigen is low.
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Laparoscopic  nephrectomy is  more  technically  demanding than other  standard abdomi‐
nal  laparoscopic  procedures.  The surgeon experience  is  crucial  for  minimizing potential
morbidity.  Significant  operative  differences  are  between  open  and  laparoscopic  donor
nephrectomy.  The  later  approach  requires  a  different  set  of  technical  skills  than  that
associated with traditional open surgery. The endoscopic video image is only two dimen‐
sional and much narrower when compared with direct vision afforded by open surgery.
The types of instrumentation available for working throw the small  incision afford only
restricted degrees of freedom when compared to the human hand. Moreover,  the tactile
sensation,  currently  can  not  be  transmitted  through the  instrument.  The  differences  are
giving a  longer  operative time with one or  even two hours  when compared with open
donation. All these drawbacks are only partially eliminated by robotic surgery, even if now
there  is  a  three  dimensional  vision  of  operative  field  and  the  mobility  of  the  working
instruments is better than that of human hand.

Even so, laparosccopic renal donation and robotic laparoscopic harvesting offers both
introperatively and postoperatively great benefits to the donor.

Due to magnification provided by the optical system and the video camera, in experienced
hands, the dissection of the renal pedicle is more accurate and if it is realized through retro‐
peritoneal approach it is much more direct and quicker than classical approach.

The decreased size of the incision for extracting kidney and placement of that incision in the
lower abdomen, significantly reduce postoperative pain when compared with traditional
opened surgery; it also reduce traumatism of the abdominal wall, which is followed by a
quicker and better healing and mobilization postoperatively and quicker reintegration of the
patient in society.

Usually, these patients resume their oral intake in the first postoperative day and normal
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All retrospective comparations between open and laparoscopic kidney donation show that
analgesic requirements for LLDN and robotic LDN, were 30% lower than those for open
procedures. Need for oral pain medication is also reduced.

Return to physical demanding work also occurs, on average, 17th days sooner for the laparo‐
scopic group compared with classic operation.

Recipient and graft survival. All retrospective review of the recipient who received a kidney
through laparoscopic or robotic laparoscopic donation compared with those who received
kidney via standard open nephrectomy shows no statistical differences if the groups are
matched in regard with the number of HLA mismatches, donor relationship, diabetes,
previous transplant, gender, or race.

Allograft function. The majority experience in the field attest that all grafts functioned intrao‐
peratively and no clinical significant injury occurred to the graft.
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Laparoscopic Open P value

Estimated blood loss

(mL)
266+/-174 393+/-335 0.027

Operative time (min.) 232+/-33 183+/-27 <0.001

Hospital stay (days) 3.0+/-0.9 5.7+/-1.7 <0.001

Analgesia (days of use)

Oral narcotics 4 12 <0.001

Acetaminophen 3 17 <0.001

Resumed oral intake

(days)
0.8+/-0.5 2.6+/-1.0 <0.001

Returned to work

(weeks)
4.0+/-2.3 6.4+/-3.1 0.003

Table 4. Open versus laparoscopic donor nephrectomy

Allograft rejection. The pneumoperitoneum and retropneumoperitoneum reduces renal blood
flow and urine output. The potential for ischemia can make the donor kidney more allogenic
by inducing MHC class II expression. This problem could be avoided giving donors intrao‐
peratively a 6-8 liters of crystalloid to promote brisk diuresis, and having an accurate dissection
of the renal pedicle and harvesting the kidney only in full diuresis. Biopsy proved rejection in
laparoscopically obtained kidney occurred in 30% of cases compared with 35.4% of cases of
kidneys harvested by open procedure. At 12 months, creatinine clearance in recipient of kidney
from laparoscopic and open procedure were both 66 mL/min. (p = not significant).

Laparoscopic nephrectomy gives less postoperative pain, quicker convalescence, better
cosmetic results when compared with traditional open operation. In experienced hands, this
procedure is accomplished without increasing the risks to donor safety and allograft function.
Complications are comparable to those reported in historic series using open surgery. Longer
operative time and the need of disposable equipment result in greater hospital costs. However,
quicker convalescence permit patients to resume activities sooner and produce market cost
savings both for patients and employer.

2.8.2.4. HLA sensitized and ABO incompatible donor and recipient

During the past decade, several innovative protocols have been adopted to overcome trans‐
plantation across a positive cross-match or an ABO blood group barrier. Protein A immu‐
noadsorbtion, high dose intravenous immunoglobuline (IVIG), low dose iv Ig in combination
with plasmapheresis, rituximab, splenectomy, all of them alone or in combination, can
abrogate a positive cross-match and enhance the chance of a highly sensitized patients to
receive a cross-match negative organ. Similar strategies can be used for ABO incompatible
donors and are particularly effective when the titter of blood group antigen is low.
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Plasmapheresis and intravenous immunoglobuline as a rescue therapy for a positive cross-match live
donor kidney transplants. The positive cross-match can present a virtually an insurmountable
barrier to kidney transplantation. Anti HLA antibodies have been identified as the predomi‐
nant cause of early graft failure from hyperacute rejection and acute humoral rejection.

Once the consequence of performing a transplant, in the face of a circulating donor specific
alloantibody were fully appreciated and routine pre-transplant cross-matching emerged as a
standard, hyperacute rejection became rare, but a large population of a highly sensitized
patients who have a little hope of receiving transplant has been subsequently identified.

Some of the longest waiting times for a kidney transplant are observed in patients who are
allo-sensitized because of a prior transplant, blood transfusions or pregnancy. Some of these
recipients have live donor, meet standards criteria for living donor transplantation, but have
a positive cross-match with their donor. A combination of plasmapheresis and IVIG under the
cover of standard doses of calcineurin inhibitors or rituximab, together with mycophenolate
mofetil and steroids, can effectively and durably remove donor specific anti-HLA antibody,
preemptively desensitize the recipient who had positive cross-matches with a potential live
donor, allowing the transplantation of this patients using a live donor without cases of
hyperacute rejection [63].

This preemptive therapy is initiated several weeks before a planned live donor transplant. Our
standard protocol was designed to include oral immunosuppressants before first plasmaphe‐
resis treatment followed by a maximum six plasmapheresis on alternate days. The recipients,
also received seven days of IVIG (100 mg/kg/day).

Cross-over transplantation and paired kidney exchange as a method to fill the gap of positive
cross-match and ABO incompatibility. The gap between the number of donors and number of
patients waiting for a kidney transplant continues to widen. Fewer patients get transplants
every year because of the organ shortage. This patients can receive a donor from a living donor
such a family member, a friend, or even a foreign individual.

The pool of such kidneys has not been fully utilized because not all living donors are compat‐
ible with their recipient. Patients with available living donor continue dialysis and many of
them die because of ABO incompatibility, cross-match positive, low HLA-matching. Since the
report made by Rapaport, when was set the bases of kidney exchange between two donor-
recipient pairs in order to obtain a better compatibility, things have changed [64-66]. A spouse
donor would give her kidney to an unrelated recipient who matched her blood type. That
recipient's mate would provide a kidney for the donor's ill spouse. This swap would imply
more than two pairs in order to obtain best compatibility. A cross-over renal transplantation
or a paired kidney exchange transplantation is defined by a living kidney donation or a living
kidney cadaver pool donation and exchange between two or more such couples who are
hindered by ABO incompatibility or positive cross-match to give the kidneys not to the own
recipients but solve the problem by cross-exchange the kidney between the pairs to make more
matches.

The most frequent reason for ABO incompatibility, preventing living donors from donating is
a blood group A or B donor and a blood group O recipient. There are many vice-versa pairs
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but the problem is that the blood group O donors are universal donors for all blood groups.
They can give the kidney directly to their recipients than rather to a stranger. When the cross-
match is positive with own one's recipient, but this recipient has a negative cross-match with
blood group A or B donor from another couple, the problem is solved by exchanging the
kidneys between these pairs. Another reason for kidney exchange is when the O to A or B pair
get a better HLA matching from 6 miss-matches to 0-3 miss-matches by swapping the kidney
with a A or B to O pair.

The pairs involved in a paired exchange program are interviewed to exclude any coercion of
the donor, they are informed about the advantage and the risk of the living donation and the
informed consent is obtained. Beside that, all donors undergo psychological evaluation.

The inclusion criteria pursued the goal of exchanging equivalent kidneys with equivalent size,
anatomy, similar renal function and similar age. The donor are assessed preoperatively by
high resolution iv pyelograms, quantitative renal scan and spiral CT scan or MRI. As a general
rule, the donors accept to join this program as this is the only way to help their relatives or
friends. The transplants involving two or three pairs can be performed simultaneously
excepting the session with more than three pairs when the transplants are performed succes‐
sively. All the transplants are performed by the same surgical team in respect to the principle
to equivalent quality of the surgical act.

The basic principle of kidney exchange is the equivalent exchange. To accomplished this, high
resolution preoperative work-ups required and unpredicted situation which can hinder
harvesting are avoided. This way, simultaneously harvesting is not mandatory.

By using kidney exchange, the recipient benefit from the better matching as well as the known
advantages of living donation. Paired kidney exchange reduce the duration of dialysis before
transplantation and expand the pool of living donors.

In the countries where the living donation is the main source of organs, cross-over transplan‐
tation may become more popular as it increase the number of transplants. The kidney exchange
program has to be promoted as it offers solutions where apparently there is none.

Transplantation of ABO incompatible pairs. Developed initially in countries with predominant
living donation, transplantation of a ABO incompatible kidney is a demanding task but it was
possible mainly due to development of more potent immunosuppressive drugs which reduces
the risk of hyperacute rejection [67]. In japan, transplantation of a ABO incompatible kidney
from a living donor is preferred to a deceased donor graft but the experience already acquired
was extended in many other countries for recipients having only a ABO incompatible donor
willing to donate [68].

The procedure involves a pretransplant treatment in order to remove the ABO antibody and
to prevent furture production. Thus, Rrituximab is administred one month before transplan‐
tation followed by plasmapheresis 7 to 14 days before transplantation. With Rituximab there
is no need for splenectomy and plasmapheresis is done in alternate days or even daily in order
to reduce the ABO antibody titer under 8. The plasma removed is replaced with albumin
solution and a combination of albumin and fresh frozen solution just immediately before
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every year because of the organ shortage. This patients can receive a donor from a living donor
such a family member, a friend, or even a foreign individual.

The pool of such kidneys has not been fully utilized because not all living donors are compat‐
ible with their recipient. Patients with available living donor continue dialysis and many of
them die because of ABO incompatibility, cross-match positive, low HLA-matching. Since the
report made by Rapaport, when was set the bases of kidney exchange between two donor-
recipient pairs in order to obtain a better compatibility, things have changed [64-66]. A spouse
donor would give her kidney to an unrelated recipient who matched her blood type. That
recipient's mate would provide a kidney for the donor's ill spouse. This swap would imply
more than two pairs in order to obtain best compatibility. A cross-over renal transplantation
or a paired kidney exchange transplantation is defined by a living kidney donation or a living
kidney cadaver pool donation and exchange between two or more such couples who are
hindered by ABO incompatibility or positive cross-match to give the kidneys not to the own
recipients but solve the problem by cross-exchange the kidney between the pairs to make more
matches.

The most frequent reason for ABO incompatibility, preventing living donors from donating is
a blood group A or B donor and a blood group O recipient. There are many vice-versa pairs
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but the problem is that the blood group O donors are universal donors for all blood groups.
They can give the kidney directly to their recipients than rather to a stranger. When the cross-
match is positive with own one's recipient, but this recipient has a negative cross-match with
blood group A or B donor from another couple, the problem is solved by exchanging the
kidneys between these pairs. Another reason for kidney exchange is when the O to A or B pair
get a better HLA matching from 6 miss-matches to 0-3 miss-matches by swapping the kidney
with a A or B to O pair.

The pairs involved in a paired exchange program are interviewed to exclude any coercion of
the donor, they are informed about the advantage and the risk of the living donation and the
informed consent is obtained. Beside that, all donors undergo psychological evaluation.

The inclusion criteria pursued the goal of exchanging equivalent kidneys with equivalent size,
anatomy, similar renal function and similar age. The donor are assessed preoperatively by
high resolution iv pyelograms, quantitative renal scan and spiral CT scan or MRI. As a general
rule, the donors accept to join this program as this is the only way to help their relatives or
friends. The transplants involving two or three pairs can be performed simultaneously
excepting the session with more than three pairs when the transplants are performed succes‐
sively. All the transplants are performed by the same surgical team in respect to the principle
to equivalent quality of the surgical act.

The basic principle of kidney exchange is the equivalent exchange. To accomplished this, high
resolution preoperative work-ups required and unpredicted situation which can hinder
harvesting are avoided. This way, simultaneously harvesting is not mandatory.

By using kidney exchange, the recipient benefit from the better matching as well as the known
advantages of living donation. Paired kidney exchange reduce the duration of dialysis before
transplantation and expand the pool of living donors.

In the countries where the living donation is the main source of organs, cross-over transplan‐
tation may become more popular as it increase the number of transplants. The kidney exchange
program has to be promoted as it offers solutions where apparently there is none.

Transplantation of ABO incompatible pairs. Developed initially in countries with predominant
living donation, transplantation of a ABO incompatible kidney is a demanding task but it was
possible mainly due to development of more potent immunosuppressive drugs which reduces
the risk of hyperacute rejection [67]. In japan, transplantation of a ABO incompatible kidney
from a living donor is preferred to a deceased donor graft but the experience already acquired
was extended in many other countries for recipients having only a ABO incompatible donor
willing to donate [68].

The procedure involves a pretransplant treatment in order to remove the ABO antibody and
to prevent furture production. Thus, Rrituximab is administred one month before transplan‐
tation followed by plasmapheresis 7 to 14 days before transplantation. With Rituximab there
is no need for splenectomy and plasmapheresis is done in alternate days or even daily in order
to reduce the ABO antibody titer under 8. The plasma removed is replaced with albumin
solution and a combination of albumin and fresh frozen solution just immediately before
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transplantation to correct the coagulation. A key point is the administration of IVIG immedi‐
ately after each plasmapheresis. The plasmapheresis is continued in the first two weeks after
transplantation if ABO antibody titer was over 256 before Rituximab, if there is an increase of
ABO antibody more than three times after transplantation, and if the serum creatinine
increases more than 15% in two weeks after transplantation. The immunosuppression includes
Tacrolimus, mycophenolate mofetil and steroids. In the first three weeks, the patient is at high
risk of developing hyperacute humoral rejection, thus a graft biopsy is warranted whenever
the serum creatinine increase over 15% in two weeks [69].

The use of specific immunoadsorbtion instead of plasmapheresis is not only less aggressive
but also more effective since it allows more than two plasma exchange equivalent per one
session [70].

Even if renal transplantation agains ABO blood group is expensive and, due to the increased
immunosuppression, increases the infectious and malignancy risk, graft function at five years
is slightly similar to transplantation of ABO compatible grafts [68].

2.9. Commercial renal transplantation

World Health Organization condemned the sales of organs since 1989. Sales of organs and
tissues has been made illegal in the majority civilized states of the world. The difference
between altruistic donation of a kidney and selling off a kidney is viewed as similar to the
difference between marriage and prostitution. The first is a sacrament, the second a sin.

Reimbursement for expenses related to the donation process, such as for traveling and lodging
is not prohibited, although a formal mechanism to make such reimbursements is not available
everywhere, a factor that could act as a decentive to donation for some potential donors.

Iran is currently the only country in which payed donation is officially sanctioned, almost all
the donors are pour and uneducated and follow-up studies have shown that their lives are not
improved.

Despite the legal constraints on organ sales, commercial kidney transplantation is a common
phenomena in many parts of the world, and in some cases has been linked to criminal activity.
The donors are typical pour or under great financial stress, the recipients are often wealthy or
come from other wealthier countries, and middleman or brokers are often involved.

Arguments against payed donation shows:

• The donor's choice is not voluntary because he is compelled by circumstances of poverty to
donate a kidney. Poverty-stricken donors choose what they see as the best of a group of bed
options. Compared to some other possibilities such working under unsafe conditions,
kidney donation might carry less risk to the donor than other choices and at the same time
might accomplish more good for society and for the donor.

• Paid donors are usually pour and uneducated, so making them understand the risks is all
but impossible.
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• Commercial donation will result in the rich having access to organs for transplantation while
the pour do not.

• Donors will be exploited by unscrupulous middleman and sometimes, even by the sur‐
geons. The medical care of both donor and recipient will suffer generally.

• The pour don't know how to handle the money that comes to them and will make no
permanent difference in their poverty. This perception may be based on experience with
lottery winners and other recipients of a sudden winfall. Donors will have widely differing
abilities to plan for the future and would be difficult to predict what they will do with the
payment for their donation. The possibility off misuse of money does not justify the
overriding the donors wish to give up a kidney.

• During its entire history, transplantation has relayed on the altruism of donors and their
families. Commercial donation would change the fundamental character of organ donation
and likely would lead to the disappearance of altruistic donor. If any transplants are payed
for, all will have to be. Most of payed donors are giving an organ to a specific individual.
Payed donors would not have a choice about recipient. Thus, altruistic donation should
continue.

• The initial enthusiastic support of organ transplantation has been replaced by suspicion.
Although no evidence has proved the charges that are widely accepted urban myths
regarding transplantation. This includes stories of people, particularly south-american
children being kidnapped and killed for their organs, and people being drugged and
kidnaped only to awaken in an alley with a flank incision and no kidney on that side. The
myths can only be dispelled by the education, nothing else. Moreover, the possibility exists
that skillful paper editors and television producers will exploit current practices for
purposes of sensationalism.

Available data on the outcome of organ vending for the donors, indicates that the most of them
have a pour outcome. On the other side, recipient of vended organ are subject to an increased
risk for complications, particularly infections, likely as a result of a break-down of trust and
honesty that is a byproduct of commercialization of organ donation. Evidence from several
countries has shown that commercialization of organ donation comes at the expense of
program for the related and unpaid living unrelated donation.

3. Cadaveric donation

The modest increase in cadaveric renal transplant in USA has been achieved in principally by
extending use of older and younger donors [71]. Fortunately, the death from motor vehicle
accidents has decreased over the passed 20 years mainly due to laws meant to increase the
safety on the road: the seat belt laws, passive restraints, child safety seats, and stricter drunk
driving laws. The greatest number of lives saved by improved highway safety has been
specially at the 15 to 40 years old age group. On the other hand, another concern is related to
the estimation that 10% of potential donors might be ineligible because of HIV infection [72].
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In the same time, the number of older cadaver donors doubled between 1990 and 2000
especially due to a 10 fold increase in donors older than 60 years.

The percentage of donors dying in motor vehicle accidents decreased from 34.4% to 24.00%
while the percentage of donors dying from stroke increased from 27% to 42% [71]. Despite the
decrease in motor vehicle accidents, enough deaths still occur under circumstances that allow
transplantation and could reduce the gap between the need for and the supply of kidneys in
all civilized states in the world. The failure to make use of these organs has been attributed to
the failure of the intensive care unit staff to recognize potential donors as well as the high
refusal rate by families of potential cadaveric donors. Multiple new mechanisms for preventing
potential donor from being missed in ICU appear to have been successful. Hospital staff are
recognizing over two thirds of potential donors, are asking their families about donation but
only half of them agree to donate.

Much attention has been focused on disparity among different ethnic groups as organ donors.
A study of 1772 requested donation in come important cities from USA reported a family
refusal rate of 17% in whites, 43% in Hispanics, and 45% in blacks [73], but the situation has
changed in last period due to intensive efforts done to encourage minority families to donate.
As a consequence the rate of cadaver kidney donation became similar for whites, blacks and
Hispanics but remained low for Asians. Estimate of the overall refusal rate in the USA is
between 38% to 50%. The refusal to donate lead to a 4755 kidneys lost for donation but the true
potential in higher since we can't determine the real number of potential donors. This number
would have enclosed 81% of the gap between the yearly increase in need and the available
kidneys. Even so, the shortage of kidneys can not be closed by eligible donors lost by families
refusal to donate and the difference would have to be provided by new cadaveric sources and
by living donation.

3.1. Disparity among attitudes regarding cadaver donation

Even it might be only a believing, there is a dichotomy between the public and the medical
community regarding cadaveric organ donation. The medical community is preferring
cadaver organ donation since there are less concerns on the quality and risks associated with
the donor's organs. Physicians don't share the cultural and religious believes of families
opposed to organ donation. The doctors are relieved of concerns regarding doing harm to the
donor because they often see the main problem as one that may be corrected by education and
right information.

Even though over 90% of the public supports allowing living donation [74], many people do
have reservations about cadaveric organ donation due to cultural and religious beliefs or
beliefs that the dead can still suffer. The concept of brain death remains only a concept when
it is about a loved one who has died unexpectedly. Families also express concern that the
deceased’s own wishes cannot be known or carried out. People might fear that being identified
ahead of time as an organ donor would lead the medical team to make less than the maximal
effort to save them [75].
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3.2. Legislation means

An array of various laws have been passed to maximize the number of cadaveric donor
transplants. In USA, the Uniform Anatomical Gift Act, have been passed for over 30 years by
american Congress and authorize individuals to give their organs and specified who could
give consent if the donor were unable to do so [76]. By now, many states have such a law in
place and many of them use the driver license as a donor card.

"Routine inquiry" is active in many hospitals in Europe and USA. Majority of the hospitals
who are doing or not transplantation, have routine inquiry policies which qualifies for social
reimbursement. Hospitals are required to notify families of potential donors about the
possibility of donation and to notify organ procurement agency approved by health care
finance administration. In the first years after the passage of required request laws, donation
increased slightly but then reached a new plateau.

Another way to approach organ donation, especially in European countries is that of presumed
consent. Unless the potential donor has previously expressed a wish not to donate, he is
presumed to have agreed to donate. The role of the family is to confirm that the deceased has
not expressed an unwillingness to be a donor. The application of the law is variable and
approximatively one half of the nations continues to depend on family consent in practice. The
effect of donation have been variable; the refusal rate in Austria and Belgium, where the law
is strictly applied dropped under 10%. In USA, public opinion shows little support for
presumed consent law with only 7% supporting this approach.

An alternative to presumed consent has been proposed in the USA which is mandated choice
[77]. When getting or renewing a driving license, a person would have to decide whether to
become a potential donor, and the person's choice would take precedence over the family's
wishes.

Another law which is active in some states in USA and some countries in Europe, is to provide
a compensation for the donor's family. The fund for such thing is obtained by voluntary
donations. One thing which is important here that the law makes the distinction between
purchasing organs and bestowing a gift to the family in appreciation of its generosity.

3.3. Expanding donation criteria

When efforts that increase the consent rate for cadaver donors, another approach expanding
the criteria for an acceptable cadaver donors, also has attempted to increase the number of
kidneys available for transplantation. Less than 25% of the increase in cadaveric donors has
come from traditional pool age 16 to 50 year age donors. The criteria have been expanded
further in some instances by use of donors with encephalitis and core antibody positivity for
hepatitis B [78]. Recent data have confirmed that safety of even using kidney from infected
donors with blood cultures with pseudomonas and candida, provide appropriate antibiotic
treatment is given [79]. There are studies which determined that bacteriemia accounted for
30% of medically unsuitable kidneys in brain death potential donor. There are also transplan‐
tation of horse shoe kidney [80] or kidneys from non renal organ transplant recipient which
have to be mentioned. From any point you are going to look at this problem, the greatest
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3.2. Legislation means
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potential to increase the potential donor pool comprises non-hard beating cadaver kidneys
and kidneys from older donor.

Situations requiring edge biopsy

All people with normal renal function regardless of age (graft biopsy in donors over 60 years)

Diabetic donors with normal renal function and without severe proteinuria

All hypertensive donors with normal renal function

All hypotensive donors

Infected donors excluding viral hepatitis, HIV, Jakob-Creutzfeldt disease, viral encephalitis, malaria, disseminated TB

CMV + RPR

Positive urine cultures without pyelonephritis

Bacteremic donors

Donors with abnormal renal function

Donors at high risk for infection (but negative on high sensitive tests)

Donors with a history of malignancy disease-free for two years

Skin tumors without metastases, excluding melanoma

Primary CNS tumors without VP shunt

Adapted from [65]

Table 5. Expanded criteria for cadaveric donors

Non heart beating donors where widely used before the definition of brain death was accepted.
They remain the major source of cadaver donors in countries such as Japan and Mexico, where
brain death was recognized officially only recently and where social acceptance it is still limited
[82]. Non heart beating donors yield about 5% of all cadaveric kidneys transplanted in USA.
Use of non-heart beating cadaver donor kidneys has increased in last years. The one year
survival of graft from non-heart beating donors was 83% and for brain death donors was 86%.
Early function was not as good: 48% of recipient of non-heart beating donor kidneys required
dialysis in the first week after transplantation compared to 22% of the recipients of kidneys
from brain death donors. Primary non-function was slightly increased also (4% versus 1%).
The serum creatinine level at discharge from hospital was higher in the first group. At one year
follow-up, the serum creatinine levels for the two groups was, in fact, similar (1.9 mg/dL versus
1.8 mg/dL). When traumatic death were analyzed separately, the one year survival of non heart
beating donors kidneys was 89% compared with 70% one year survival for non-traumatic
death. Not all programs have found the same results from non-heart beating donors, but the
finding of more frequent delayed function and need for dialysis has been universal. The
potential for increasing the donor supply from non-heart beating donors has been estimated
to be as high as 40% [83].
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3.3.1. Older donors

Already, older donors are a major source of cadaveric donation. Some doctors found out an
inferior outcome from transplants from cadaveric donors over 55 years of age. Not only did a
higher percentage of recipients of such kidneys required dialysis but one year serum creatinine
level was higher than that from recipient of transplants from cadaveric donors aged 5 to 55
years and the estimated halve life of the kidney was 5.8 +/- 0.3 years compared to 11+/- 0.3
years. Other analysis have found similar results but suggests that the adverse effects of the
donor ages affect only certain subgroups particularly black recipients.

3.3.2. Hypertension

Recipients of kidneys from donors with hypertension were more likely to have anuria and to
require dialysis immediately after transplantation. Their serum creatinine level was significant
higher at one year than that of recipients of kidneys from donors who were not hypertensive
and the predictive graft survival was shorter (halve life of 7.7 +/- 0.5 years versus 10.7 +/- 0.3
years). Graft survival was better with 1 to 5 years of hypertension compared to 6 or more years
of hypertension. The difference in serum creatinine and predicted graft survival between
kidneys from diabetic and non-diabetic donors was of borderline statistical significance. Serum
creatinine at one year was 1.8 +/- 0.8 mg/dL in recipient of kidneys from diabetic donors
compared with 1.6 +/- 0.8 mg/dL in recipients of kidney from non-diabetic donors. Predicted
halve life in this graft was 8.4 +/- 1.5 years compared with 10.1 +/- 0.3 years.

3.4. Strategies for increasing organ donation

In developing new strategies for increasing kidney available for transplantation we would do
well to remember that from its beginning organ transplantation has relied on public good will
and support. When public opposition exists, we sometimes avoid using approaches that we
find ethically acceptable. Because we really don't know what ideas or practices will strengthen
public support for all organ donation the introduction of new practices should be undertaken
as pilot projects.

The public already accept living donors who were not considered 50 years ago such unrelated
living donors and spouses, which are now widely excepted. Once we accept the donors
autonomy and remind ourselves that the risk to the donor is not related to his relationship to
the recipient, we will be able to accept the wide arrange and greater number of emotionally
related donors. We need to understand that the altruistic donor, although unusual, is not
pathologic. The altruistic donor can be considered an emotionally related donor who is
emotionally related to all mankind. Thus, this approach to this type of donor is not to keep a
registry of willing donors and their HLA types. The altruistic donor is not waiting for the right
HLA type but for the right story. The acceptance of donor autonomy would allow for accepting
donors with increased risk, but will require careful follow-up thus an increased risk of
complications can be recognized.
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3.5. Conclusions

During the last period of time, there was a spite of papers from individual countries and
registries, which examined the ways in which the number of kidney donors could be increased.

Most studies examined single initiatives, such as changing the transplant law, rather than the
development of integrated donor programs. The act of donation is a complex phenomenon
depending on many factors and interactions, few of which individually have been proven
useful or generally applicable throw the out the european community. Well designed studies
are needed urgently. A donation is the result of a chain of events, the final result of which will
depend upon its weakest link.

Even when the individual links have been strengthened, each element of the process of
donation must be integrated into the operational policies developed in toon with national
moral and cultural values. It is easy to set a minimum standard to which countries should
aspire. But it is another matter to recommend specific, donor promoting activities for which
individual countries and profesional organizational should aim.

Although, living donor rate are no increasing in Europe, rates could be further improved at
different stages in the referral process:

• Nephrologist at non transplanting as well as transplanting centers, should be encouraged
to discuss openly the subject of living donation with family of patients suffering ESRD,
preferably before the patient begins dialysis. This will results in predialysis transplantation,
increased transplant rates, and is more efficient in case of reduced dialysis resources.

• Canceling facilities (e.g. by a senior nurse or living donor coordinators) should be available
to discuss screening tests, provide information, and arrange eventually reimbursement of
donor expenses allowed in law.

• Each transplant center should work to an approved screening protocol, such that the
predicted mortality risk of living donation does not exceed 1 in 3000 cases.

• If legally permitted, living unrelated donors should be encouraged. In many countries in
Europe, altruistic non related kidney donation is allowed legally, provided that checks are
made for altruistic motivation and exclusion as far as possible of the possibility of organ
sale.

• Non-directed living donor transplantation between altruistic donor and recipient unknown
to the donor is possible and have been developed in few centers. Although controversial,
there seem no moral or social reason to exclude such donors. However, there are ethical and
legal concerns about this type of donation, which at the moment make it difficult to include
in a recommendation list.

Increase supply and use of cadaveric kidneys:

Donor cards. In many countries publicity schemes encourage the population to carry donor
cards, or to register their wish to donate (opting-in) on a computerized donor register. Even if
in UK 8 mil. of individuals are now registered in the opting-in computer, only 10% of the
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population is currently caring donor cards. No more than 50 donor per year results from this
initiative. For the success of such schemes, continuous publicity is essential to increase opted-
in donors and transplant centers. Intensive care physicians and transplant coordinators should
be mandated to access registry routinely, to identify the wishes of potential cadaveric donors.

Improved organization and resources. Services must be more organized and better resourced
to increase cadaver donation. In several countries, the number of intensive care beds is
probably too low to achieve more than 20 donors per million from intensive care patients. In
high donating countries, with better resourced intensive care units, the staff responsible for
donation (transplant coordinators), have been expanded and given proper financial support.
Transplant coordinators are also to be given the responsibility of public relations, with the aim
of avoiding adverse media publicity, and liaising with the coroners.

Opting-out legislation. The introduction of opting-out legislation appears on first site of the
data available to be associated with the increased rates of cadaveric donation. In Europe, four
countries which exceeded 20 kidneys donor per million population per annum, all have opting-
out legislation. In France however, opting-out legislation has not achieved such a successful
donation rates. This may be because France choose initially, hard line opting-out, in which
donation takes place if the donor has not opted-out irrespective of families wishes. Adverse
publicity led to a softening of the practice, which consequently increases the donation rates.
Other countries which presumed consent law practices soft presumed consent, in which the
families are taking into account in all situations. In general, countries with informed consent
do not perform as well, main exception being USA, where kidney donation rates exceed 25
donors per million population.

Criteria for donor suitability. Non-heart beating donors (NHBD) are well known to produce
a high rate of primary non-function and their acceptability was low. Recently introduced in
situ perfusion of the dead bodies, which has been successfully developed in UK and Holland,
are bringing in encouraging results. After harvesting, kidneys may be put into continuous
perfusion machine, and their viability assessed using flow measurements and urinary and
enzyme excretion. As a matter of fact, presumed consent legislation will allow more NHBD.
Rapid intraarterial cold perfusion over recently deceased persons should be allowed before
family consent low operate but perfusion without relatives permission is technically unwar‐
ranted assault. Agreement by a coroner should allow perfusion without permission and that
could expand significantly NHBD.

Elderly donors. Even if long term survival for kidneys from elderly donors (over 60 years old)
is 10-15% less than those taken from younger donors, better results may be obtained with
carefully selected older donors and shortening of the cold ischemic time.

A good quality organ must be guaranteed to the recipient and every transplant center must
established its own guidelines on organ acceptability. If the transplant center uses a less than
optimum organs from old subjects to expand the pool of donors, the donors must be evaluated
according to age, vascular condition and renal function. The inferior limit for a single kidney
transplant is considered creatinine clearance more than 60 mL/min. If the calculated creatinine
clearance is between 60 and 50 mL/min. the donor may be considered marginal. If the calcu‐
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lated creatinine clearance is less than 50 mL/min. than the kidney should not be used for a
single transplantation, however, as they are organs that nobody wants they can be used for
dual transplantation. When this policy is established, it is necessary to inform the patient on
the waiting list.
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lated creatinine clearance is less than 50 mL/min. than the kidney should not be used for a
single transplantation, however, as they are organs that nobody wants they can be used for
dual transplantation. When this policy is established, it is necessary to inform the patient on
the waiting list.
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1. Introduction

First  successful kidney transplantation was done over 60 years ago and now because of
major advances in immunosuppressive medicine,  this  represents the treatment of  choice
for  patients  with  end-stage  renal  disease  (ESRD).  The  kidney was  the  first  organ to  be
transplanted  regularly,  and  it  remains  the  most  common organ  transplanted  today  but
the surgical  technique has changed very little  from the original  pelvic  operation during
this long period.

In most cases kidney is placed retroperitoneally and the iliac arteries and veins are used for
perfusion of this organ and the ureter is transplanted directly to the bladder. But the sophis‐
ticated intensive care units and advanced perioperative anesthetic techniques lead to the use
of more marginal donors for more complicated recipients. Now using a kidney graft from a
donor after cardiac death or proceeding to kidney transplantation as a part of multivisceral or
other abdominal organ transplantation is a routine procedure in the major transplant centers
of the world. In such conditions the kidney grafts are not harvested in an optimized preoper‐
ative planning and may be damaged during the surgery. Then we may confront with a graft
with 2 or more delicate or very short arteries or veins, ruptured capsule or transected ureter.
We may use grafts with congenital anomalies such as horseshoe kidneys or duplicated ureteral
system. Also the recipient procedure may be her or his second, third or more transplantation
surgery and no more iliac vessels remained for anastomosis and the bladder may be so
damaged that makes the anastomosis of the ureter to the bladder impossible. The transplant
surgeon should always be ready to conquer such challenges. Using an intraperitoneal space,
using the aorta or inferior vena cava or other major arteries and veins such as splenic vessels,
and the native ureters for reconstruction of the urine outflow should be an in-hand procedure
for every transplant surgeon.

© 2013 Kakaei et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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In this chapter we will review basic steps of the standard approach to recipient’s procedure
from preparing the graft, then the skin incision till the skin closure with special attention to
basic vascular and urinary tract re-establishment techniques and also intraoperative care of
the patient. Then we proceed to the special and unusual situations including: complex vascular
and ureteral reconstruction techniques, using kidneys with congenital and other anatomical
anomalies, en bloc double kidney transplantation, using other vasculature for transplanting
the kidney in different intraperitoneal spaces, and kidney transplantation conjoint with other
abdominal organs.

2. Graft preparation

Preservation of the viability of the graft during the time between explantation and implantation
is vital for early and late graft function after transplantation. Most kidney transplant teams
consist of at least two separate groups. One group prepares the donor and the other team is
doing the recipient operation at the same time or with some delay depending on the duration
needs for transferring the graft from the donor operating room to the recipient operation
theatre. In many countries such as the United States or in the Euro Zone the kidney grafts from
the deceased donors are transferred between hospitals, cities or even countries according to
the Human Leukocyte Antigen (HLA) matching or other important criteria for attributing the
graft to a preferred recipient. In such conditions it’s better to use every effort to improve the
graft longevity. Using better preservation solutions or automatic machine perfusion systems
are among the routine measurements in such conditions which are discussed in other chapters
of this book. The surgeons and coordinators should shorten the ischemic time of the graft as
long as possible and during all of this period the temperature of the graft should be maintained
between 1-4° centigrade to decrease the injury to the graft.

Simple hypothermia is not enough for preserving the viability of the graft and evacuation of the
graft blood and replacing it with a preservation solution is a mandatory step in the graft prepa‐
ration. Graft cold irrigation in the deceased donors is done during the harvesting operation by
irrigation of the clamped aorta and the solution used for this irrigation may be any of the pre-
prepared solutions such as Belzer University of Wisconsin’s (UW), Histidine-Tryptophan-Ke‐
toglutarate (HTK, Bretschneider or Custodiol), Euro-Collins, Celsior or other newer solutions
such as Biolasol® (Dolińska B, et al, 2012)[1]. Table 1 shows the compositions of some of these
solutions. All of the blood should be evacuated from the graft during this phase. In the living do‐
nor, all of the irrigation is done after removing the graft the donor body in an iced cold basin. In
the countries that the living donor still forms over 75% of the donor pool such as China or India,
irrigation of the living donor graft is done by more simple solutions such as lactated Ringer’s
solution and many studies shows that when the total ischemic time is less than 60 minutes (as in
most living donor programs) the long-term graft survival is not impacted significantly by using
these simple solutions comparing with more complex solutions (Prasad GS, et al, 2007)[2]. In
our center we add lidocaine (100 mg/liter), sodium bicarbonate (10 meq/liter) and heparin (5000
IU/liter) to this simple solution. Also, we use intravenous Mannitol and Furosemide in the do‐
nor just before the arterial clamping for better diuresis before nephrectomy.
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Name Composition Claimed advantages

Belzer UW solution 
(Viaspan®)

Potassium lactobionate: 100 mmol/l
KH2PO4: 25 mmol/l
MgSO4: 5 mmol/l
Raffinose: 30 mmol/l
Adenosine: 5 mmol/l
Glutathione: 3 mmol/l
Allopurinol: 1 mmol/l
Hydroxyethyl starch: 50 g/l

Allows for kidney preservation time up to 48 hours
Allows for liver preservation time up to 24 hours
Allows for pancreas preservation time up to 24 
hours
Provides enough time to admit patients from 
distant locations
Provides enough time to improve recipient 
matching
Provides enough time to operate in a semi-
elective situation

Histidine-
Tryptophan-
Ketoglutarate 
(Custodiol®)

Sodium chloride: 15 mmol/l
Potassium chloride: 9 mmol/l
Potassium hydrogen 2-Ketoglutarate: 1mmol/l
Magnesium chloride: 4 mmol/l
Histidine · HCl:18.0 mmol/l
Histidine: 180 mmol/l
Tryptophan: 2 mmol/l
Mannitol: 30 mmol/l
Calcium chloride: 0.015 mmol/l

Rapid homogenous cooling due to low viscosity
Superior recovery of function
Excellent ischemic tolerance
Virtual absence of side effects
Simple perfusion technique (ready-to-use, no 
additives or preparation)

Celsior Mannitol 60 mmol/l
Lactobionic Acid 80 mmol/l
Glutamtic Acid 20 mmol/l
Histidine 30 mmol/l
Calcium Chloride 0.25 mmol/l
Potassium Chloride 15 mmol/l
Magnesium Chloride 13 mmol/l
Sodium Hydroxide 100 mmol/l
Reduced Glutathione 3 mmol/l

low potassium comparing with UW
prevention of tissue edema
prevention of free radical damage
prevention of calcium overload with adequate 
buffer
Better for heart and lung transplantation (as 
depicted by its manufacturer, Genzyme)

Euro-Collins 
(Renograf®)

Potassium phosphate 42.5 mmol.l
Potassium chloride 15 mmol/l
Sodium bicarbonate 10 mmol/l
Anhydrous glucose 35 g/l
Mannitol 31.7 mmol/l
Raffinose 3.5 mmol/l

Preserves the kidney up to 48 hours
An out of date solution in most US and European 
centers

Table 1. Composition of the more common organ preservation solutions.

When possible, the donor team should report the detailed graft anatomy (including number
of arteries, veins and ureters and any anatomical anomaly or inadvertent injury to the graft
during the donor operation) to the recipient team, especially when the graft is transferred from
another hospital locally or regionally. It is very important to prevent any more injury to the
graft and its capsule, vessels or ureter during the back table procedure, especially in case of
deceased donor grafts which usually accompanied with other abdominal organs or at least
covered by the peritoneum or peri-renal fats or other non-important tissues. Direct contact of
the ice with the graft should be prevented by inserting the graft in a separate basin or organ
bag filled with a cold solution and then inserting this bag in another iced filled basin.

First of all, for irrigation of the living donor graft, the surgeon should find the artery and
canulate it with an atraumatic olive-headed heparin irrigation needle as shown in figure 1.
Using other devices such as Angiocath©, Baranule© or any types of intravenous needles for

Kidney Transplantation Techniques
http://dx.doi.org/10.5772/54829

169



In this chapter we will review basic steps of the standard approach to recipient’s procedure
from preparing the graft, then the skin incision till the skin closure with special attention to
basic vascular and urinary tract re-establishment techniques and also intraoperative care of
the patient. Then we proceed to the special and unusual situations including: complex vascular
and ureteral reconstruction techniques, using kidneys with congenital and other anatomical
anomalies, en bloc double kidney transplantation, using other vasculature for transplanting
the kidney in different intraperitoneal spaces, and kidney transplantation conjoint with other
abdominal organs.

2. Graft preparation

Preservation of the viability of the graft during the time between explantation and implantation
is vital for early and late graft function after transplantation. Most kidney transplant teams
consist of at least two separate groups. One group prepares the donor and the other team is
doing the recipient operation at the same time or with some delay depending on the duration
needs for transferring the graft from the donor operating room to the recipient operation
theatre. In many countries such as the United States or in the Euro Zone the kidney grafts from
the deceased donors are transferred between hospitals, cities or even countries according to
the Human Leukocyte Antigen (HLA) matching or other important criteria for attributing the
graft to a preferred recipient. In such conditions it’s better to use every effort to improve the
graft longevity. Using better preservation solutions or automatic machine perfusion systems
are among the routine measurements in such conditions which are discussed in other chapters
of this book. The surgeons and coordinators should shorten the ischemic time of the graft as
long as possible and during all of this period the temperature of the graft should be maintained
between 1-4° centigrade to decrease the injury to the graft.

Simple hypothermia is not enough for preserving the viability of the graft and evacuation of the
graft blood and replacing it with a preservation solution is a mandatory step in the graft prepa‐
ration. Graft cold irrigation in the deceased donors is done during the harvesting operation by
irrigation of the clamped aorta and the solution used for this irrigation may be any of the pre-
prepared solutions such as Belzer University of Wisconsin’s (UW), Histidine-Tryptophan-Ke‐
toglutarate (HTK, Bretschneider or Custodiol), Euro-Collins, Celsior or other newer solutions
such as Biolasol® (Dolińska B, et al, 2012)[1]. Table 1 shows the compositions of some of these
solutions. All of the blood should be evacuated from the graft during this phase. In the living do‐
nor, all of the irrigation is done after removing the graft the donor body in an iced cold basin. In
the countries that the living donor still forms over 75% of the donor pool such as China or India,
irrigation of the living donor graft is done by more simple solutions such as lactated Ringer’s
solution and many studies shows that when the total ischemic time is less than 60 minutes (as in
most living donor programs) the long-term graft survival is not impacted significantly by using
these simple solutions comparing with more complex solutions (Prasad GS, et al, 2007)[2]. In
our center we add lidocaine (100 mg/liter), sodium bicarbonate (10 meq/liter) and heparin (5000
IU/liter) to this simple solution. Also, we use intravenous Mannitol and Furosemide in the do‐
nor just before the arterial clamping for better diuresis before nephrectomy.

Current Issues and Future Direction in Kidney Transplantation168

Name Composition Claimed advantages

Belzer UW solution 
(Viaspan®)

Potassium lactobionate: 100 mmol/l
KH2PO4: 25 mmol/l
MgSO4: 5 mmol/l
Raffinose: 30 mmol/l
Adenosine: 5 mmol/l
Glutathione: 3 mmol/l
Allopurinol: 1 mmol/l
Hydroxyethyl starch: 50 g/l

Allows for kidney preservation time up to 48 hours
Allows for liver preservation time up to 24 hours
Allows for pancreas preservation time up to 24 
hours
Provides enough time to admit patients from 
distant locations
Provides enough time to improve recipient 
matching
Provides enough time to operate in a semi-
elective situation

Histidine-
Tryptophan-
Ketoglutarate 
(Custodiol®)

Sodium chloride: 15 mmol/l
Potassium chloride: 9 mmol/l
Potassium hydrogen 2-Ketoglutarate: 1mmol/l
Magnesium chloride: 4 mmol/l
Histidine · HCl:18.0 mmol/l
Histidine: 180 mmol/l
Tryptophan: 2 mmol/l
Mannitol: 30 mmol/l
Calcium chloride: 0.015 mmol/l

Rapid homogenous cooling due to low viscosity
Superior recovery of function
Excellent ischemic tolerance
Virtual absence of side effects
Simple perfusion technique (ready-to-use, no 
additives or preparation)

Celsior Mannitol 60 mmol/l
Lactobionic Acid 80 mmol/l
Glutamtic Acid 20 mmol/l
Histidine 30 mmol/l
Calcium Chloride 0.25 mmol/l
Potassium Chloride 15 mmol/l
Magnesium Chloride 13 mmol/l
Sodium Hydroxide 100 mmol/l
Reduced Glutathione 3 mmol/l

low potassium comparing with UW
prevention of tissue edema
prevention of free radical damage
prevention of calcium overload with adequate 
buffer
Better for heart and lung transplantation (as 
depicted by its manufacturer, Genzyme)

Euro-Collins 
(Renograf®)

Potassium phosphate 42.5 mmol.l
Potassium chloride 15 mmol/l
Sodium bicarbonate 10 mmol/l
Anhydrous glucose 35 g/l
Mannitol 31.7 mmol/l
Raffinose 3.5 mmol/l

Preserves the kidney up to 48 hours
An out of date solution in most US and European 
centers

Table 1. Composition of the more common organ preservation solutions.

When possible, the donor team should report the detailed graft anatomy (including number
of arteries, veins and ureters and any anatomical anomaly or inadvertent injury to the graft
during the donor operation) to the recipient team, especially when the graft is transferred from
another hospital locally or regionally. It is very important to prevent any more injury to the
graft and its capsule, vessels or ureter during the back table procedure, especially in case of
deceased donor grafts which usually accompanied with other abdominal organs or at least
covered by the peritoneum or peri-renal fats or other non-important tissues. Direct contact of
the ice with the graft should be prevented by inserting the graft in a separate basin or organ
bag filled with a cold solution and then inserting this bag in another iced filled basin.

First of all, for irrigation of the living donor graft, the surgeon should find the artery and
canulate it with an atraumatic olive-headed heparin irrigation needle as shown in figure 1.
Using other devices such as Angiocath©, Baranule© or any types of intravenous needles for

Kidney Transplantation Techniques
http://dx.doi.org/10.5772/54829

169



irrigation should be discouraged because of risk of intimal injury induced by such cannulas.
In many cases, it may be difficult to find the artery first because it is hidden by other hilar
tissues or retracted to the deeper hilar areas of the graft. In such conditions the irrigation may
be started by canulation the more accessible renal vein, till the surgeon finds the artery. All the
dissections should better be done after complete irrigation. At this point all of the renal
parenchyma will appear in yellow-pink color. All of the dissections should be done delicately
by using atraumatic or microvascular instruments, without any more injury to the vessels
intima or their major branches and any more unusual traction of the vessel wall.

Figure 1. Special olive-headed needles for irrigation (Courtesy of GEISTER Medizintechnik GmbH, Tuttlingen/ Germany)

When using the left kidney of the living donor the adrenal and gonadal vein should be on the
graft in order to have a longer vein for future anastomosis. In both right or left kidneys or living
donor or deceased donor grafts, the surgeon should make every effort to preserve the con‐
nective tissues between the ureter and the gonadal vein to prevent ischemic injury to the
delicate collateral vessels of the ureter. Always the ureter should be accompanied by at least
one centimeter of the peri-ureteral tissues and also the hilar inferior triangle (e.g. the window
between the inferior pole of the graft and the ureteral origin from the renal pelvis) should be
maintained intact. Removing peri-renal fat or other tissues should be postponed till complete
renal revascularization. These tissues are protective for handling of the graft and might be used
for graft covering or anchoring during or after revascularization.

The window between the renal artery and vein in the renal hilum is full of accessory branches
and lymphatic vessel. All of the major arterial branches especially of the inferior pole should be
maintained intact. Any injury to this branches leads to regional ischemia or necrosis of the kid‐
ney or ureter which may lead to future graft dysfunction or ischemia – induced hypertension in
the donor or ureteral necrosis, ureteral anastomosis disruption or urine leakage. Some surgeons
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suggest that all of the major lymphatic vessels should be ligated to prevent future lymphocele,
however, the most important measurement for preventing the lymphocele is avoiding exces‐
sive dissections around the iliac artery during the preparing the implantation site.

The best approach for prevention of arterial branch injury is to start with dissection of the renal
vein and follow its wall through the hilum until sufficient length is achieved by ligating the
minor veins. We suture-ligate the accessory minor vein branches and also the major lumbar
veins by 6-0 Prolene suture for prevention of postoperative bleeding from hilar vessels.

If the graft has more than one artery, vein or ureter, the surgeon should decide which type of re‐
construction is suitable according to the condition of the graft and the recipient. In the deceased
donor it’s better to use a Carrel patch of aorta and inferior vena cava in line with the graft ves‐
sels. But this has two major impacts on future graft implantation. First, this results in a longer
than usual artery (especially in the right side) or vein (especially in the left side) which may be
results in kinking (and future thrombosis or hypertension) after the anastomosis. And second, it
will results in a large Carrel patch in some cases. The surgeon has to remove a large patch from
the recipient’s vessels for a good anastomosis. If complicated by graft non-function, then future
removal of the graft will result in a large defect of the recipient vessels which will be dangerous
or even limb life threatening. Also, the Carrel patch of the aorta may be severely atherosclerotic
and could not be used for a safe anastomosis. Any reconstruction will elongate the total ische‐
mic time of the graft, and we should do every effort to prevent this by postponing unnecessary
dissections and reconstructions to the time after at least partial reperfusion of the graft.

According to these important issues, when possible, we prefer to use no reconstruction prior
to implantation to decrease the ischemic time. Every transplant surgeon should be fully trained
and familiar with microvascular techniques in such conditions. Every arterial branch should
be anastomosed separately. The major artery is anastomosed first usually to the internal iliac
artery, which provides a longer arterial conduit and allow more free movements of the graft
for venous anastomosis. Smaller arteries are anastomosed after reperfusion of the graft to the
external iliac artery or even to the smaller arteries such as inferior epigastric artery (El-Sherbiny
M, et al, 2008)[3]. When all arterial branches have the same size, then reperfusion is postponed
till the end of anastomosis of all of the arterial branches usually to the external iliac artery but
if the kidney has a large artery and some other smaller arteries then reperfusion is started after
completion of the large artery anastomosis. Arteries less than 1 mm could be ligated specially
in the upper pole. Also ligation of the arteries with resultant ischemic area of less than 15% of
the upper or middle pole is acceptable and by reducing the total operation duration will reduce
the complications in the recipient comparing with adding a long microvascular anastomosis
to the operation. Arteries larger than 1 mm in the lower pole should be reperfused by anasto‐
mosis if possible to prevent ischemia of the ureter.

If the surgeon decides to reconstruct the arteries before implantation then multiple varieties
of techniques could be used: side to side anastomosis of the same size arteries or end to side
anastomosis of a small artery to a larger artery. Using microvascular techniques with a good
illumination and at least 4.5X magnification and 7-0 or 8-0 Prolene sutures, all of the ties should
be placed out of the intimal surface and the lumen should be protected by a smooth metal
probe to prevent inadvertent back-wall suturing. In the deceased donor, the surgeon can use
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freely every small bifurcated or trifurcated donor artery (such as the celiac artery) for these
delicate reconstructions. In such complex situations such as severe atherosclerosis of the renal
artery orifice when eversion endarterectomy is not possible (Nghiem DD, Choi SS, 1992) [4]
or results in a damaged artery, the best approach for salvage of the graft is transecting the
diseased part of the renal artery and using a small branch of the donor artery such as the left
gastric or splenic artery as an elongation conduit of the renal artery. In the case of living donors,
a short segment of the recipient saphenous vein may be a good choice for this purpose but it
has a real risk of future aneurismal transformation in the future (Sharma A, et al, 2010) [5].
Sometimes we could use a combination of these techniques. For example when the graft has
2 large-size and 1 small-size artery, the best option is to perform an anastomosis between the
small-size artery and one of the larger size branches and then perform two separate anasto‐
moses in the recipient. This action will reduce the total operative time of the recipient.

Approach to the vein branches is a little different because of intra-parenchymal communica‐
tions between the vein branches. We could ligate non-major venous branches, but when the
vein branches are in the same size we should reconstruct them before venous anastomosis.
Some surgeons prefer to mobilize the external iliac vein by ligating the internal iliac vein or
superior gluteal vein or other side branches of this vein, but usually these maneuvers are futile
in providing better window for venous anastomosis especially when we use the right kidney
from a living donor. In such conditions we prefer to perform the venous anastomosis first or
placing the graft in an upside down direction (ureter in the upper part) (Webb J et al, 2003) [6].
In the deceased donor, using a part of the donor external iliac, internal jugular or inferior vena
cava as an extension graft is more preferable for adding the length of the vein graft. Such
reconstructions should be done in the back table prior to implantation.

In our opinion, ureteral reconstruction also should be discouraged in case of multiple graft
ureters. When the ureters have insufficient length, or denuded in their entire length, mobili‐
zation of the recipient bladder or using of the recipient ureter is preferred.

At the end of graft preparation some authors suggest that the graft should be wrapped in iced
or cold saline soaked surgical gauzes or cloth stockinet or surgical glove to remain cold
throughout the implantation procedure. In our opinion this is a time consuming and fruitless
maneuver when the surgeons could do the anastomoses rapidly. Also using the ice packets in
the site of implantation is not necessary.

3. Implantation site

So many factors impact the surgeon’s decision on which site he could implant the kidney graft
(table 2). These factors include: the graft size comparing with the recipient, the size, length and
number of graft arteries, veins and/or ureters, previous surgeries (for example previous failed
kidney transplantation, previous pelvic exploration for bladder reconstruction or anti-reflux
surgeries), associated abdominal organ (liver, pancreas or small bowel) transplantation, lateral‐
ity of the donor kidney (left or right), anomalies of the donor graft (horseshoe kidney, double
pelvis, double ureter, etc.), and at last the number of kidney grafts (double kidney from a pedia‐
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tric or old age or marginal donor). Traditionally the right iliac fossa is the standard fossa for a
kidney transplantation procedure and the left iliac fossa is the preferred site for simultaneous
kidney-pancreas transplantation. In the pediatric recipient when the graft is larger than usual
we should use the main abdominal fossa for implantation. The most important limiting factor
for each of these procedures is the length of the renal vein and also the length of the donor ureter
and mobility of the recipient urinary bladder. In most instances when the recipient internal iliac
artery is used as the arterial inflow, it provides a good length for mobilization and would not be
a limiting factor. The right iliac fossa is the preferred site because of the more superficial posi‐
tion of the external iliac vein. The deep branches of the iliac vein can be suture ligated and cut if
more superficialization is needed. If the recipient ureter is not diseased it can be used for urinary
outflow reconstruction if the donor ureter is short.

Factor Preferred Site Rationale

Graft size comparing with the recipient Abdominal fossa if the graft is very
large

Prevention of kidney compartment
syndrome

The size, length and number
of graft arteries and veins

Iliac fossa is preferred Prevention of entering to the abdominal
cavity and postoperative ileus

The size, length and number of ureters Iliac fossa is preferred if the recipient
ureter is not diseased.
Retrovesical area if the ureters are
short but vessels are long enough

Prevention of urine leakage or ureteral
stricture

Previous surgeries Opposite iliac fossa Prevention of vessel or visceral injury,
prevention of lymphocele, shorter
operative time

Associated abdominal organ transplantation Left iliac fossa and in the
retroperitoneal space
Abdominal cavity for en bloc or
composite grafts

Prevention of adding the complications
of each graft on the other graft

Laterality of
the donor kidney (left or right)

It’s better to use right iliac fossa More superficial position of iliac vein
Some authors use the opposite side
because of position of the transplanted
graft for future percutaneous
interventions on the urinary system

The number of kidney grafts Retroperitoneal space of right iliac
fossa

If the iliac arteries are not large enough
it’s better to use the abdominal aorta
and inferior vena cava

Anomalies of the donor graft Abdominal cavity if the graft is large,
if the graft is small iliac fossa is better.

Enough space for the graft and enough
stations for vascular anastomosis

Table 2. Factors influencing the choice of implantation site

4. Skin preparation and incision

Skin preparation and drape is not so different from other clean abdominal operations. The
patient should bathe before entering the operation theatre. Hair removal is better done with
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freely every small bifurcated or trifurcated donor artery (such as the celiac artery) for these
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ureters. When the ureters have insufficient length, or denuded in their entire length, mobili‐
zation of the recipient bladder or using of the recipient ureter is preferred.

At the end of graft preparation some authors suggest that the graft should be wrapped in iced
or cold saline soaked surgical gauzes or cloth stockinet or surgical glove to remain cold
throughout the implantation procedure. In our opinion this is a time consuming and fruitless
maneuver when the surgeons could do the anastomoses rapidly. Also using the ice packets in
the site of implantation is not necessary.

3. Implantation site

So many factors impact the surgeon’s decision on which site he could implant the kidney graft
(table 2). These factors include: the graft size comparing with the recipient, the size, length and
number of graft arteries, veins and/or ureters, previous surgeries (for example previous failed
kidney transplantation, previous pelvic exploration for bladder reconstruction or anti-reflux
surgeries), associated abdominal organ (liver, pancreas or small bowel) transplantation, lateral‐
ity of the donor kidney (left or right), anomalies of the donor graft (horseshoe kidney, double
pelvis, double ureter, etc.), and at last the number of kidney grafts (double kidney from a pedia‐
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tric or old age or marginal donor). Traditionally the right iliac fossa is the standard fossa for a
kidney transplantation procedure and the left iliac fossa is the preferred site for simultaneous
kidney-pancreas transplantation. In the pediatric recipient when the graft is larger than usual
we should use the main abdominal fossa for implantation. The most important limiting factor
for each of these procedures is the length of the renal vein and also the length of the donor ureter
and mobility of the recipient urinary bladder. In most instances when the recipient internal iliac
artery is used as the arterial inflow, it provides a good length for mobilization and would not be
a limiting factor. The right iliac fossa is the preferred site because of the more superficial posi‐
tion of the external iliac vein. The deep branches of the iliac vein can be suture ligated and cut if
more superficialization is needed. If the recipient ureter is not diseased it can be used for urinary
outflow reconstruction if the donor ureter is short.
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Graft size comparing with the recipient Abdominal fossa if the graft is very
large

Prevention of kidney compartment
syndrome

The size, length and number
of graft arteries and veins

Iliac fossa is preferred Prevention of entering to the abdominal
cavity and postoperative ileus

The size, length and number of ureters Iliac fossa is preferred if the recipient
ureter is not diseased.
Retrovesical area if the ureters are
short but vessels are long enough

Prevention of urine leakage or ureteral
stricture

Previous surgeries Opposite iliac fossa Prevention of vessel or visceral injury,
prevention of lymphocele, shorter
operative time

Associated abdominal organ transplantation Left iliac fossa and in the
retroperitoneal space
Abdominal cavity for en bloc or
composite grafts

Prevention of adding the complications
of each graft on the other graft

Laterality of
the donor kidney (left or right)

It’s better to use right iliac fossa More superficial position of iliac vein
Some authors use the opposite side
because of position of the transplanted
graft for future percutaneous
interventions on the urinary system

The number of kidney grafts Retroperitoneal space of right iliac
fossa

If the iliac arteries are not large enough
it’s better to use the abdominal aorta
and inferior vena cava

Anomalies of the donor graft Abdominal cavity if the graft is large,
if the graft is small iliac fossa is better.

Enough space for the graft and enough
stations for vascular anastomosis

Table 2. Factors influencing the choice of implantation site

4. Skin preparation and incision

Skin preparation and drape is not so different from other clean abdominal operations. The
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hair clippers immediately before surgery. We use scrub povidone iodine or any types of
alcoholic or polyethylene glycol type solutions (e.g. Decocept®) for initial washing and then
normal povidone iodine for 2 times for the final preparation. Also we use a sterile (Opsite®)
drape for complete covering of the incision region. The standard skin incision is the traditional
hockey-stick Gibson incision or an oblique Rutherford Morison in the right iliac fossa. Gibson
incision starts at the tubercule of pubis and continued laterally transverse to inguinal ligament
and then upward in a curvilinear manner in the lateral border of the rectus abdominis muscle
till 1-2 cm above the level of umbilicus. In larger adults extension till the anterior superior iliac
spine may be enough. The epigastric vessels and the round ligament in females usually need
to be ligated and transected, but the spermatic cord simply retracted medially by releasing the
border of inguinal canal. The surgeon should avoid entering the peritoneal space and any
defect in the peritoneum should be repaired before continuing the incision.

All the dissections should be accompanied by strict hemostasis and avoiding extreme injury
to the abdominal wall muscles to simplify the future abdominal wall repair at the end of the
procedure. All the bleeding sites should be completely hemostatized during this time because
at the end of the procedure hemostasis will be very difficult. Also most renal failure patients
has bleeding tendency due to platelet dysfunction specially in the first 2 hours after the
hemodialysis or in those patient who underwent preemptive renal transplantation. If hemo‐
stasis is not complete wound or peri-graft hematoma is inevitable which will lead to the other
complications such as infection, dehiscence, hydronephrosis or kidney compartment syn‐
drome due to compression to the graft.

After entering the retroperitoneal space and revealing the anatomy of the iliac vessels and their
suitability for transplantation, the iliac vein should be prepared first by ligating all lymphatics
around it. It’s better to avoid the first major deep iliac lymph node (Cloquet’s node). Dissections
around the external iliac artery should be limited and if the internal iliac artery has a good con‐
tour and length, it’s better to use it as the arterial inflow. If this artery has atherosclerotic plaques
an endarterectomy could be done. We use the external iliac artery only when the internal iliac ar‐
tery of the other side is used previously, or when a large size discrepancy is revealed or severe
atherosclerosis reduce the arterial flow to a very low and crucial level. Using the internal iliac ar‐
tery slightly increases the postoperative lymphocele because of more dissections needed for its
releasing, but if the surgeon ligate all the lymphatics it would not be a major problem.

Without a good exposure, transplantation is a very difficult procedure and using a, Denis-
Browne (Figure 2), Kirschner(Figure 3) or Bookwalter-type (Figure 4) self retaining retractor is a
critical step in the implantation procedure. Many manufacturers have invented more powerful
retractors. Some of them like Thompson® retractor, although are very useful and unique for liv‐
er or kidney-pancreas transplantation, but their use for kidney transplantation alone is time
consuming and is best limited to super-obese recipients. Some of them such as Henley or Dar‐
ling or Gosset abdominal retractor only are useful in pediatric or thin patients with a shallow
pelvis. Balfour and Balfour-Baby, Collin and Baby Collin, Ricard and Sullivan- O’Connor have
the same problem. Some of them such as Omni-Flex® (Omni-Tract® surgical, Minnesota Scien‐
tific, MN, USA) or SynFrame® retractor systems (Synthes® Spine Inc., PA, USA) are modifica‐
tions to the original Thompson retractor but their use may be more sophisticated.
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Figure 2. Denis-Browne retractor

Figure 3. Kirschner retractor

Figure 4. Bookwalter retractor
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an endarterectomy could be done. We use the external iliac artery only when the internal iliac ar‐
tery of the other side is used previously, or when a large size discrepancy is revealed or severe
atherosclerosis reduce the arterial flow to a very low and crucial level. Using the internal iliac ar‐
tery slightly increases the postoperative lymphocele because of more dissections needed for its
releasing, but if the surgeon ligate all the lymphatics it would not be a major problem.

Without a good exposure, transplantation is a very difficult procedure and using a, Denis-
Browne (Figure 2), Kirschner(Figure 3) or Bookwalter-type (Figure 4) self retaining retractor is a
critical step in the implantation procedure. Many manufacturers have invented more powerful
retractors. Some of them like Thompson® retractor, although are very useful and unique for liv‐
er or kidney-pancreas transplantation, but their use for kidney transplantation alone is time
consuming and is best limited to super-obese recipients. Some of them such as Henley or Dar‐
ling or Gosset abdominal retractor only are useful in pediatric or thin patients with a shallow
pelvis. Balfour and Balfour-Baby, Collin and Baby Collin, Ricard and Sullivan- O’Connor have
the same problem. Some of them such as Omni-Flex® (Omni-Tract® surgical, Minnesota Scien‐
tific, MN, USA) or SynFrame® retractor systems (Synthes® Spine Inc., PA, USA) are modifica‐
tions to the original Thompson retractor but their use may be more sophisticated.
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5. Vascular anastomosis

After preparation of the place of the implantation, the surgeon should transfer the graft
to  its  position  transiently  for  better  evaluation  of  the  anastomoses  sites.  Some  authors
suggest  that  slush ice  should put  in  the  bed of  the graft  in  the recipient,  but  we abso‐
lutely disagree with this opinion, because the total vascular reconstruction time is usual‐
ly less than 20 minutes and adding ice only increase the risk of local hypothermic injury.
The surgeon should do his best efforts to reduce the total  arterial  and venous clamping
time. First the site of each anastomosis and the position of the graft should be specified
accurately according to the size and length of the vessels and also the length of the ure‐
ter and position of the recipient bladder or ureter and the final position of the implanted
kidney.  As  described previously,  we prefer  to  use  the  internal  iliac  artery  and external
iliac  vein  for  vascular  anastomoses.  For  reducing  the  vein  clamping  time  (with  subse‐
quent risk of deep vein thrombosis), we perform the arterial anastomosis first. But when
the  vein  is  shorter  than  usual  or  when  the  left  iliac  fossa  is  used  for  implantation,  or
when the abdominal cavity and aorta and inferior vena cava or the external iliac artery
are used for implantation, it’s better to perform the venous anastomosis first.

The principles of vascular anastomosis are not different from any standard vascular surgery.
The best suture size is usually 5-0 and 6-0 Prolene® sutures for venous and arterial anasto‐
mosis. The size of the needles depends of the location of the anastomosis but in most cases the
needle should be taper-point or taper-cutting-tip round-bodied 3/8 circle with 11 – 13 mm
length for better performance. For smaller arteries 7-0 or 8-0, 1/2 circle, 7-9.3 mm needles may
be more suitable. For severe atherosclerotic arteries use of special visible Ethicon Visi-Black®
Everpoint®, or Tapercut® needles with spatulated heads which is more firm and crash-
resistant is needed.

After confirming the exact length and position of the anastomosis site to prevent kinking or
rotation, vascular clamps are applied to the first vessel. We prefer to use Bulldog clamps to
the internal iliac artery and iliac veins and Satinsky clamps for side-clamping of external iliac
and common iliac artery or aorta or inferior vena cava. We discourage systemic heparinization
before clamping because of bleeding tendency in chronic renal failure patients, but other
authors recommend this. Heparinized saline is enough for irrigation of the vessels during the
anastomosis.

For end-to-side anastomoses a patch from the vessel should be removed for preventing future
constriction. This patch is removed from the arteries by No. 3, 4 or 5 aortic punches depending
on the arterial size and by special Metzenbaum or Potts scissors from the veins. Also we should
avoid the venous valve site in the external iliac vein, if possible. The wall of the vein is very
thin proximal to the venous valves (sinuses of Valsalva) and may be ruptured during the
anastomosis.

For end-to side anastomosis of a renal artery to the external iliac or common iliac or aorta, the
graft artery should be spatulated in the direction of its lower corner. For end-to-end anasto‐
mosis of the renal artery to the internal iliac artery, the renal artery should be spatulated from
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the upper corner and the internal iliac artery should be spatulated in the direction of the
opposite lower corner (in other words in the direction the deep part of the artery). Renal vein
usually needs no spatulation.

An endarterectomy should be done with extreme caution after cutting the internal iliac artery
or entering the external iliac artery. No intimal flaps in the opposite direction of the blood flow
should be remained at the end of endarterectomy. If such flap is remained, then the surgeon
should decide to change the arterial anastomosis site, if possible, or at least the flap must
completely secured to the arterial wall with a tagging U-stitch.

Special attention should be paid to the length of the right artery and left renal vein of the de‐
ceased donor. They are both too long for anastomosis and if not trimmed or shortened, kinking
will be inevitable which will result in postoperative renal dysfunction and hypertension.

Arterial anastomosis is started by two corner stitch in each side of the vessel as described first by
Carrel in 1902. Care is taken to include equal bites of all layers of the arterial wall in each passage
of the needle and the adventitia remained outside. For this purpose we perform a 1 mm adventi‐
tiectomy of both arteries and use microvascular forceps, scissors and needle holders for arterial
anastomosis and also recommend using a 4.5-6X loop for magnification and surgical headlights
for better illumination. It’s so important that the posterior layer suturing of the arterial anasto‐
mosis is done first and from outside. The needle should move from inside to outside of the more
diseased artery (usually the recipient artery) to tag the intima to the media of the artery and pre‐
venting from creating an intimal flap which will be a good trigger point for future thrombosis.
The upper suture is tied but the lower is maintained untied till the end of the anastomosis. The
posterior layer is sutured first and then anterior layer anastomosis is started from both corners.
In the children or for small arteries at least one half of the anastomosis should be done by sepa‐
rate sutures. In all other continuous anastomoses (artery or vein), we tie the last suture loosely
and preserve a “Growth factor” or “expansion factor” to prevent purse-string effect of the con‐
tinuous suture on constricting the anastomosis as first described by Starzl in the portal anasto‐
mosis of liver transplantation (Starzl TE, 1984, Zomorrodi, et al, 2012) [7, 8]) [7].

For vein anastomosis we use a somewhat different technique. After inserting the two corner
stitches, an anchoring or stay suture is used in the midpoint of the anterior layer of the
venotomy site of the external iliac vein to maintain the orifice of the anastomosis site totally
exposed and prevent from inadvertent catching of the posterior suture line in the anterior
suture line. All the anastomosis is performed circumferentially by a single stitch that used as
the proximal corner stitch. Then the surgeon should be cautious when tying this suture that
the two remaining part are in the same length. The anastomosis is started from the proximal
part by entering tying the corner stitch. Then the needle is entered from the posterior layer of
the internal iliac vein into its lumen. Then a four-point technique is used for approximating
the two intimal layers of the renal vein and external iliac vein. After completing the posterior
layer then the anastomosis is continued from distal and proximal corner to the anterior layer
and the anchoring stitch is removed. Again a “Growth factor” is necessary to prevent the purse
string effect and also in the pediatric group, the anterior layer stitches should be in separate
manner for make future growth possible. If the venotomy site is larger than the orifice of the
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mosis. The size of the needles depends of the location of the anastomosis but in most cases the
needle should be taper-point or taper-cutting-tip round-bodied 3/8 circle with 11 – 13 mm
length for better performance. For smaller arteries 7-0 or 8-0, 1/2 circle, 7-9.3 mm needles may
be more suitable. For severe atherosclerotic arteries use of special visible Ethicon Visi-Black®
Everpoint®, or Tapercut® needles with spatulated heads which is more firm and crash-
resistant is needed.

After confirming the exact length and position of the anastomosis site to prevent kinking or
rotation, vascular clamps are applied to the first vessel. We prefer to use Bulldog clamps to
the internal iliac artery and iliac veins and Satinsky clamps for side-clamping of external iliac
and common iliac artery or aorta or inferior vena cava. We discourage systemic heparinization
before clamping because of bleeding tendency in chronic renal failure patients, but other
authors recommend this. Heparinized saline is enough for irrigation of the vessels during the
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For end-to-side anastomoses a patch from the vessel should be removed for preventing future
constriction. This patch is removed from the arteries by No. 3, 4 or 5 aortic punches depending
on the arterial size and by special Metzenbaum or Potts scissors from the veins. Also we should
avoid the venous valve site in the external iliac vein, if possible. The wall of the vein is very
thin proximal to the venous valves (sinuses of Valsalva) and may be ruptured during the
anastomosis.

For end-to side anastomosis of a renal artery to the external iliac or common iliac or aorta, the
graft artery should be spatulated in the direction of its lower corner. For end-to-end anasto‐
mosis of the renal artery to the internal iliac artery, the renal artery should be spatulated from
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the upper corner and the internal iliac artery should be spatulated in the direction of the
opposite lower corner (in other words in the direction the deep part of the artery). Renal vein
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An endarterectomy should be done with extreme caution after cutting the internal iliac artery
or entering the external iliac artery. No intimal flaps in the opposite direction of the blood flow
should be remained at the end of endarterectomy. If such flap is remained, then the surgeon
should decide to change the arterial anastomosis site, if possible, or at least the flap must
completely secured to the arterial wall with a tagging U-stitch.

Special attention should be paid to the length of the right artery and left renal vein of the de‐
ceased donor. They are both too long for anastomosis and if not trimmed or shortened, kinking
will be inevitable which will result in postoperative renal dysfunction and hypertension.

Arterial anastomosis is started by two corner stitch in each side of the vessel as described first by
Carrel in 1902. Care is taken to include equal bites of all layers of the arterial wall in each passage
of the needle and the adventitia remained outside. For this purpose we perform a 1 mm adventi‐
tiectomy of both arteries and use microvascular forceps, scissors and needle holders for arterial
anastomosis and also recommend using a 4.5-6X loop for magnification and surgical headlights
for better illumination. It’s so important that the posterior layer suturing of the arterial anasto‐
mosis is done first and from outside. The needle should move from inside to outside of the more
diseased artery (usually the recipient artery) to tag the intima to the media of the artery and pre‐
venting from creating an intimal flap which will be a good trigger point for future thrombosis.
The upper suture is tied but the lower is maintained untied till the end of the anastomosis. The
posterior layer is sutured first and then anterior layer anastomosis is started from both corners.
In the children or for small arteries at least one half of the anastomosis should be done by sepa‐
rate sutures. In all other continuous anastomoses (artery or vein), we tie the last suture loosely
and preserve a “Growth factor” or “expansion factor” to prevent purse-string effect of the con‐
tinuous suture on constricting the anastomosis as first described by Starzl in the portal anasto‐
mosis of liver transplantation (Starzl TE, 1984, Zomorrodi, et al, 2012) [7, 8]) [7].

For vein anastomosis we use a somewhat different technique. After inserting the two corner
stitches, an anchoring or stay suture is used in the midpoint of the anterior layer of the
venotomy site of the external iliac vein to maintain the orifice of the anastomosis site totally
exposed and prevent from inadvertent catching of the posterior suture line in the anterior
suture line. All the anastomosis is performed circumferentially by a single stitch that used as
the proximal corner stitch. Then the surgeon should be cautious when tying this suture that
the two remaining part are in the same length. The anastomosis is started from the proximal
part by entering tying the corner stitch. Then the needle is entered from the posterior layer of
the internal iliac vein into its lumen. Then a four-point technique is used for approximating
the two intimal layers of the renal vein and external iliac vein. After completing the posterior
layer then the anastomosis is continued from distal and proximal corner to the anterior layer
and the anchoring stitch is removed. Again a “Growth factor” is necessary to prevent the purse
string effect and also in the pediatric group, the anterior layer stitches should be in separate
manner for make future growth possible. If the venotomy site is larger than the orifice of the
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renal vein, then after completing the posterior layer, the excessive part should be repaired
before starting the anterior layer, preferably by another suture line.

6. Unusual situations

In case of thrombosed or fibrotic external iliac vein (due to multiple previous femoral vein
canulations or previous DVT) or severe atherosclerotic iliac arteries, the best approach is to
use the abdominal major vasculature for renal transplantation. The surgeon may decide to use
the common iliac artery or vein if spared from the disease or close the wound and explore the
opposite iliac fossa if preoperative Investigations or intraoperative sonographywere negative
for the same complication. In extreme cases when the IVC is also thrombosed or fibrotic, or
when the infrarenal aorta also is atretic or severely atherosclerotic, using the splenic or native
renal vein and artery may be an option, provided that the native ureters has a normal function
and anatomy.

Another unusual case is the horseshoe kidney. Anomalous vasculature is the rule in these
cases. Crossed fused or non-fused ectopic kidneys have the same problem. One option for
approaching this type of anomaly is to incise the ismusth between the two conjoined kidneys
and use each kidney for a separate recipient. The major problem is the resultant two grafts
with so many arterial and venous branches and also short and multiple ureters. Because of
shortage of donor organs most centers prefer this approach. But sometimes dividing the
horseshoe kidney is so difficult and may results in damaging both kidneys. In these cases it’s
better to use the anomalous kidney as an individual graft and use the aorta and IVC as the
arterial inflow and venous outflow of the graft. Such large size graft often could not be placed
retroperitoneally and should be implanted in an intraperitoneal space. The same principle is
applied to double kidney grafts from a pediatric or old age or more marginal donors such as
donation after cardiac death (DCD) donors: transplanting each unit separately or using the
aorta and IVC as the vascular conduits of the graft. Circumaortic or retroaortic renal veins are
other problematic vascular anomalies that make the transplantation procedure more difficult.
In experienced hands, these anomalies per se are not contraindication for donation even from
the living donors

When a suspicious lesion is found on the kidney graft, it should be incised or excised and sent
for frozen section pathologic investigation. Hemostasis could be done by sutures or argon
beam coagulators, following the principles of any standard partial nephrectomy. Benign
lesions should be removed completely and grafts with any non-benign pathology should be
discarded. Solitary cysts are very common and if small, needs no investigation. There are many
case reports in the literature about transplanting kidneys from deceased donors with adult
polycystic kidney disease, without any short-term complications. These grafts should only be
used when the donor kidney function is good and the recipient is fully aware of the donor
disease. These cases are best suitable for sedentary recipients with a short life expectancy,
provided that no other contraindication such as HLA mismatch is found.
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Kidney transplantation may be accompanied by pancreas, liver (Nadim MK, et al, 2012)[9],
heart (Florman S, Kim-Schluger L.,2012) [10], lung (Rana RK, et al, 2011) [11] or multiorgan
transplantation. In such situations usually the more important transplantation (heart, lung,
liver, pancreas or small bowel) is done first. And after stability of the recipient, kidney
transplantation is performed. Even when the abdomen is entered during the first procedure,
it’s better to use the retroperitoneal iliac fossa for the second transplant by the same incision.
This will reduce the complications associated with urine leakage. In case of simultaneous
kidney –pancreas transplantation the kidney transplant is done first in the left iliac fossa and
during the time of this procedure, the other team prepares the pancreas graft by ex vivo surgery
for the second transplantation which is usually use the right common or external iliac artery
as the inflow. The kidney transplantation combined with multivisceral transplantation is
usually is an en-bloc transplantation. This means that the kidney is not separated from the
donor aorta and inferior vena cava (IVC). All major vascular anastomoses are done by aorta
as the inflow artery and IVC and/or portal vein as the venous outflow. The urinary recon‐
struction is performed after complete reperfusion of all abdominal organs.

7. Declamping and reperfusion

After completing the vascular anastomoses, the opposite corner stay sutures remained untied
until reperfusion. The recipient systolic blood pressure should be at least 120 mmHg and the
central venous pressure between 10 to 14 cm H2O. The use of vasopressors such as dopamine
for increasing the blood pressure is controversial. Immunosuppressant is best infused before
declamping according to the protocols of each transplant ward. Some authors suggests some
over-hydration, infusing Furosemide and Mannitol and correction of acid-base imbalance
according to the last arterial blood gas base deficit before declamping to prevent the so called
“reperfusion syndrome”. Unlike liver or small bowel transplantation, in most cases reperfu‐
sion syndrome will not be a problematic issue, because the kidney graft is relatively small,
except when using an adult kidney for a pediatric recipient or in cases of a long implantation
time with complete aortic or common or external iliac artery clamping time. In such cases the
cause of “reperfusion syndrome” is transient ischemia of the lower limbs. The anesthesiologist
should prepare sodium bicarbonate, calcium gluconate, and insulin with 50% Glucose before
declamping for managing this complication and obtain an arterial blood gas before and after
the declamping for estimating the severity of acidosis and monitor the electrocardiogram for
diagnosis of hyperkalemia.

Arterial declamping is done first and after complete filling of the graft, veins are also opened.
In this phase brisk bleeding is a rule, especially when we applied “growth factors” to the last
ties. Most of the bleeding will be stopped spontaneously after complete dilatation of the
anastomotic lines. Small bleeding sites may be covered by small parts of any hemostatic agent
such as Surgicel®, N-butyl cyanoacrylate glues, Tachosil® or similar agents (Sageshima J, et
al, 2011) [13]. All the other larger bleeding sites should be transligated or repaired by fine
Prolene® sutures especially near the hilum, but extreme caution should be paid not to include
the delicate hilar arterial branches in the sutures.
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for frozen section pathologic investigation. Hemostasis could be done by sutures or argon
beam coagulators, following the principles of any standard partial nephrectomy. Benign
lesions should be removed completely and grafts with any non-benign pathology should be
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provided that no other contraindication such as HLA mismatch is found.

Current Issues and Future Direction in Kidney Transplantation178

Kidney transplantation may be accompanied by pancreas, liver (Nadim MK, et al, 2012)[9],
heart (Florman S, Kim-Schluger L.,2012) [10], lung (Rana RK, et al, 2011) [11] or multiorgan
transplantation. In such situations usually the more important transplantation (heart, lung,
liver, pancreas or small bowel) is done first. And after stability of the recipient, kidney
transplantation is performed. Even when the abdomen is entered during the first procedure,
it’s better to use the retroperitoneal iliac fossa for the second transplant by the same incision.
This will reduce the complications associated with urine leakage. In case of simultaneous
kidney –pancreas transplantation the kidney transplant is done first in the left iliac fossa and
during the time of this procedure, the other team prepares the pancreas graft by ex vivo surgery
for the second transplantation which is usually use the right common or external iliac artery
as the inflow. The kidney transplantation combined with multivisceral transplantation is
usually is an en-bloc transplantation. This means that the kidney is not separated from the
donor aorta and inferior vena cava (IVC). All major vascular anastomoses are done by aorta
as the inflow artery and IVC and/or portal vein as the venous outflow. The urinary recon‐
struction is performed after complete reperfusion of all abdominal organs.

7. Declamping and reperfusion

After completing the vascular anastomoses, the opposite corner stay sutures remained untied
until reperfusion. The recipient systolic blood pressure should be at least 120 mmHg and the
central venous pressure between 10 to 14 cm H2O. The use of vasopressors such as dopamine
for increasing the blood pressure is controversial. Immunosuppressant is best infused before
declamping according to the protocols of each transplant ward. Some authors suggests some
over-hydration, infusing Furosemide and Mannitol and correction of acid-base imbalance
according to the last arterial blood gas base deficit before declamping to prevent the so called
“reperfusion syndrome”. Unlike liver or small bowel transplantation, in most cases reperfu‐
sion syndrome will not be a problematic issue, because the kidney graft is relatively small,
except when using an adult kidney for a pediatric recipient or in cases of a long implantation
time with complete aortic or common or external iliac artery clamping time. In such cases the
cause of “reperfusion syndrome” is transient ischemia of the lower limbs. The anesthesiologist
should prepare sodium bicarbonate, calcium gluconate, and insulin with 50% Glucose before
declamping for managing this complication and obtain an arterial blood gas before and after
the declamping for estimating the severity of acidosis and monitor the electrocardiogram for
diagnosis of hyperkalemia.

Arterial declamping is done first and after complete filling of the graft, veins are also opened.
In this phase brisk bleeding is a rule, especially when we applied “growth factors” to the last
ties. Most of the bleeding will be stopped spontaneously after complete dilatation of the
anastomotic lines. Small bleeding sites may be covered by small parts of any hemostatic agent
such as Surgicel®, N-butyl cyanoacrylate glues, Tachosil® or similar agents (Sageshima J, et
al, 2011) [13]. All the other larger bleeding sites should be transligated or repaired by fine
Prolene® sutures especially near the hilum, but extreme caution should be paid not to include
the delicate hilar arterial branches in the sutures.

Kidney Transplantation Techniques
http://dx.doi.org/10.5772/54829

179



The kidney should be firm and well-perfused after 1-2 minutes and urine flow usually starts
after that. If the graft is flaccid and the patient’s blood pressure is good, arterial kinking is the
first differential diagnosis. This usually is resolved by repositioning of the graft. Also the
surgeon could transiently clamp the renal vein or the distal part of the external iliac artery. If
not, thrombosis must be considered and ruled out as soon as possible.

8. Urinary reconstruction

After completing the reperfusion stage usually the urine flow is started. Sometimes, especially
in case of deceased donors or when the nephrectomy has been performed with difficulty in
the living donors, the urine flow will be delayed. If the color and contour of the graft look good
and the arterial and venous flow is good with a well-palpable thrill in the hilum, the surgeon
should proceed to urinary reconstruction.

First of all the urinary bladder should be filled with sterile normal saline serum through
previously installed urinary catheter. Some surgeons add 10ml/lit povidone iodine and 80 mg/
lit Gentamicin or 500 mg/lit Amikacin to the irrigation fluid for better sterility of the bladder
(Salehipour M, et al, 2010) [13] but its effect is controversial. The kidney should be positioned
in its final expected place to prevent the tension on the remained ureter before cutting the
excess length of the ureter. It’s better to use the smallest possible length of the ureter to reduce
future ischemic complications. If this step is forgotten the final length of ureter may be shorter
than expected and this will result in kinking of the vasculature and changing the location of
the kidney from its ideal position.

The surgeon has many options for urinary reconstruction:  ureteroneocystostomy, ureter‐
oureterostomy,  pyeloureterostomy,  and  pyelocystostomy  or  even  ureteroenterostomy  to
an ileal conduit or Koch (Manassero F, et al, 2011) [14] or pyelopyelostomy in case of or‐
thotopic  kidney  transplantation  or  complicated  case  (Wagner  M,  et  al,  1994)  [15].  The
type  of  reconstruction  depends  on  the  position  of  the  graft,  the  length,  condition  and
number of the donor ureter(s), the condition of the recipient’s bladder or bladder substi‐
tute (including its capacity and continence), previous operations on the recipient bladder
or  ureter  (and its  antireflux  condition).  The  anastomosis  should  be  done  by  absorbable
sutures, usually polydioxanone sutures. Because of the risk of infection, use of any types
of stents, such as double J stents or newer antireflux stents are controversial (Parapiboon
W, et al,  2012) [16],  but we use it  in our center and remove it  after 3 weeks.  At least 4
techniques and their modifications are discussed in the literature for ureteroneocystosto‐
my (Kayler L, et al, 2010) [17]. Prevention of leakage, stricture and reflux is the final goal
of all of these techniques. The two most common types are transvesical or Leadbetter-Po‐
litano (LP)  technique and the extravesical  or  modified Lich-Gregoir  (LG) technique.  We
use and recommend the second technique because it needs fewer dissections and use on‐
ly one small  cystostomy incision (comparing with 2 large cystostomy incision needs for
LP  technique)  with  comparable  antireflux  characteristics  and  fewer  complications.  The
LG technique can be performed in a very shorter time. After distending the bladder, the
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detrusor muscle dissected bluntly in the dome of the bladder approximately for a length
of 3 cm till the mucosa bulges out. The ureter shortened to its ideal length and spatulat‐
ed for  a  length of  2  cm in its  anti-mesoureteral  direction and then the bladder mucosa
incised. Anastomosis is started near the heel of the spatulated ureter 2-3 mm in the op‐
posite direction of the corner of the ureter. In this manner, the tie is placed outside and
with  some distance  from the  corner.  The  mucosa  of  the  bladder  is  then sutured to  the
ureteral  end  with  simple  continuous  sutures.  After  completing  the  anastomosis,  an  ab‐
sorbable suture is  used for approximating the detrusor muscle to close over the anasto‐
mosis  and  creating  a  small  submucosal  tunnel  for  its  antireflux  mechanism.  The  LP
techniques and the two other extravesical techniques are better described in the literature
(Kayler L,  et  al,  2010) [17].  In the LP technique,  a large anterior cystostomy is  done for
visualization of  the bladder interior  and the ureter  is  transferred through another small
posterior cystostomy and then through the mucosa and after anchoring the distal end to
the mucosa, the bladder is closed in 2 layers with absorbable sutures. Another extravesi‐
cal  technique is  the single  or  double U-stitch technique.  In these techniques after  open‐
ing the submucosal tunnel by creating by dissection of detrusor muscle and incising the
bladder mucosa only 1 U-stitch (Shanfield, 1972) [18] at the toe or 2 U-stitch (MacKinnon
et al, 1968) [19] at the toe and heel of the trimmed ureter is used for anchoring the ure‐
ter to bladder mucosa and then the detrussor muscle closed as the same manner of the
LG technique.

Another extravesical technique uses two parallel incisions in the detrusor muscle, first
posterior for transferring the ureter in a submucosal tunnel and the second incision for
anastomosis of the ureter to the ureteral mucosa (Barry JM, 1983) [20]. In the last technique,
the ureter is anastomosed to the bladder full-thickness wall without any antireflux mechanism
(Starzl, et al, 1989) [21]. In our opinion, the surgeon should be familiar with all of these methods
and use them as needed, but we have the most experience with the modified LG technique
without any major urologic complication (Davari HR, et al, 2006) [22].

When the graft ureter is short, ischemic, or denuded, the surgeon should use the native ureters
for ureteroureterostomy or pyeloureterostomy if they are completely in a healthy condition
(no stricture, no infection, no dilation or no reflux) or decide to perform a pyeloneocystostomy.
This should be done with extreme caution to prevent kinking or pressure on the graft vascu‐
lature or repositioning of the graft. A Boari flap or psoas hitch is often necessary in all cases.

In case of previous bladder surgery such as antireflux surgeries or cystoplasty or bladder
augmentation, it’s very important that the site of final urinary reconstruction is fully depicted
before proceeding with vascular anastomosis, or even before proceeding with nephrectomy
in the living donor. Also the blood supply of the tissues used for augmentation should be
considered. Creating a submucosal flap in the augmented bladder may results in ischemia of
the tissues used for augmentation and if possible it’s better to use the native bladder area for
ureteral anastomosis.

In case of double or multiple ureters (such as horseshoe kidneys or en bloc transplantation of
two kidneys), the ureters can be anastomosed separately to the bladder, or one to the bladder
and the shorter ones to the native ureter. Another option is anastomosis of the ureters to each
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other and then anastomosis of the conjoined ureter to the bladder. In our opinion using
separate anastomoses (if possible) reduces the future complications.

9. Wound closure

Wound closure is the final step of the procedure. Closing is done by 2-layer repair of the
abdominal muscles (first transverse and internal oblique as one layer and then the external
oblique muscle), by a No. 0 loop Nylon suture. Using any drain before closure is controversial
but if used it should be a closed suction drain such as a Jackson-Pratt drain and every effort
should be used that the drain has no compression effect on the renal vasculature and the ureter.
The exit site also should be assessed for bleeding. Every bleeding site should be assessed and
repaired before closure to prevent postoperative hematoma. Diffuse oozing at the end of
operation may be the result of platelet dysfunction or heparin overdose and should be
managed accordingly by desmopressin and protamine sulfate, respectively. Excess perirenal
fat should be removed, and the graft should be placed in a retroperitoneally created pouch
parallel with the psoas muscle, to prevent compression of the kidney between the abdominal
wall and the pelvic bones. If the kidney volume is greater than this space, or the renal vascu‐
lature or ureter is shorter than usual, then “compartment syndrome” is inevitable is the
abdominal muscles repaired in the usual manner. In such situation, the renal artery inflow is
good but the outflow will be disturbed because of pressure of the abdominal wall on the renal
vein. Renal venous pressure increase and then the graft will be congested and the urine flow
will decreased. If remained unmanaged, this will eventually lead to decreasing renal artery
flow and finally to renal artery thrombosis and graft loss. If the surgeon could not reposition
the graft in to the supravesical area and anchor it to the abdominal wall without vascular
kinking, many other options should be tried. One option is to incise the rectus sheath after
closing the muscles. Another option is to close the abdominal wall from distal and proximal
and let the part which is covering the kidney remains unclosed or closed by an artificial mesh
which is used for hernia repair. The last option is to let abdominal musculature remained
completely opened and only covered by the skin. The resultant incisional hernia will be
repaired in the future, usually 3 months after the transplantation. The best treatment of such
conditions is “prevention” by matching the size of the donor and recipient and special attention
to the length of the graft vasculature and ureter and also creating the pouch as the first step
during the procedure.
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other and then anastomosis of the conjoined ureter to the bladder. In our opinion using
separate anastomoses (if possible) reduces the future complications.

9. Wound closure

Wound closure is the final step of the procedure. Closing is done by 2-layer repair of the
abdominal muscles (first transverse and internal oblique as one layer and then the external
oblique muscle), by a No. 0 loop Nylon suture. Using any drain before closure is controversial
but if used it should be a closed suction drain such as a Jackson-Pratt drain and every effort
should be used that the drain has no compression effect on the renal vasculature and the ureter.
The exit site also should be assessed for bleeding. Every bleeding site should be assessed and
repaired before closure to prevent postoperative hematoma. Diffuse oozing at the end of
operation may be the result of platelet dysfunction or heparin overdose and should be
managed accordingly by desmopressin and protamine sulfate, respectively. Excess perirenal
fat should be removed, and the graft should be placed in a retroperitoneally created pouch
parallel with the psoas muscle, to prevent compression of the kidney between the abdominal
wall and the pelvic bones. If the kidney volume is greater than this space, or the renal vascu‐
lature or ureter is shorter than usual, then “compartment syndrome” is inevitable is the
abdominal muscles repaired in the usual manner. In such situation, the renal artery inflow is
good but the outflow will be disturbed because of pressure of the abdominal wall on the renal
vein. Renal venous pressure increase and then the graft will be congested and the urine flow
will decreased. If remained unmanaged, this will eventually lead to decreasing renal artery
flow and finally to renal artery thrombosis and graft loss. If the surgeon could not reposition
the graft in to the supravesical area and anchor it to the abdominal wall without vascular
kinking, many other options should be tried. One option is to incise the rectus sheath after
closing the muscles. Another option is to close the abdominal wall from distal and proximal
and let the part which is covering the kidney remains unclosed or closed by an artificial mesh
which is used for hernia repair. The last option is to let abdominal musculature remained
completely opened and only covered by the skin. The resultant incisional hernia will be
repaired in the future, usually 3 months after the transplantation. The best treatment of such
conditions is “prevention” by matching the size of the donor and recipient and special attention
to the length of the graft vasculature and ureter and also creating the pouch as the first step
during the procedure.
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1. Introduction

Kidney transplantation is the preferred therapy for most patients with end-stage renal disease.
The demand for kidney grafts however far exceeds the supply of available organs. As a result,
transplant teams increasingly use organs from extended criteria donors, of older age or with
significant comorbidity. This use of extended criteria organs is not without consequences.

Older donor age is strongly related to impaired kidney graft function and graft failure because
older kidneys are limited in their capacity to tolerate injury [1]. Aging is associated with renal
structural changes en functional decline. Older kidneys lose renal parenchyma and trough this
have a decreased renal plasma flow and tubular dysfunction. The mechanisms required for
tissue repair after damage become less reliable, resulting in a decrease in repair capacity. This
functional decline in the potential to repair and regenerate is often considered a hallmark of
the aging phenotype [2] [3].

Another major component of the aging phenotype is replicative or cellular senescence, which
is defined as permanent, irreversible growth arrest. In this chapter we draw the parallel
between the aging kidney in the transplantation setting and cellular senescence.

2. Impact of older donor age on transplantation outcome

The success of organ transplantation in patients with end-stage renal damage gave rise to
waiting lists and organ shortage. This in itself led to the increasing use of kidneys from older
or expanded criteria donors for transplantation. In 2002 the term Expanded criteria donor
(ECD) was codified to be deceased donors aged 60 years of older and those aged 50-59 years
with at least 2 of the following characteristics: history of hypertension, serum creatinine level
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greater than 1.5 mg/dL and cerebrovascular cause of death. The risk of graft failure after an
ECD kidney transplant is 70% higher than after a non- ECDtransplant [4].

Also Ojo et al. have reported on the survival of recipients of marginal kidneys, defined as
kidneys with one or more of the following pretransplant factors: donor age >55 years, non-
heartbeating donor, cold ischemia time >36 h, and donor hypertension or diabetes mellitus of
>10 years duration. Also in this study, marginal kidney transplants had a lower allograft
outcomes compared with organs from ideal donors [5].

In another study, Woo et al. compared two groups only divided by age. There was a larger increase
in graft failure rates of kidneys from donors >55 years of age. Also the mean estimated glomeru‐
lar filtration rate 6 months post-transplant and the stability of the glomerular filtration rate in the
first transplant year were significantly higher in the recipients of donors <55 years [6].

Recent data on 1063 kidney grafts from living donors confirm the association between older
donor age and graft outcome even after living donation, where living donors are screened
prior to transplantation and comorbidities are avoided. Increasing living donor age was
associated with lower kidney function after transplantation, loss of glomerular filtration rate
beyond 1 year and reduced graft survival [7].

With the increasing use of older and extended criteria donor kidneys, the intrinsic quality of
the kidneys at transplantation is nowadays much more important for the post-transplant
histological evolution and long-term graft survival than acute T-cell mediated rejection [1, 8,
9]. The causes by which older kidneys lose function after transplantation remain however
incompletely understood. This may involve both early and late-onset processes and is likely
to be found mainly in a significant effect of donor age on the subclinical progression of chronic
histological damage [10]. In a large study using protocol biopsies, it was not only demonstrated
that higher donor age is the major determinant of this non-specific chronic allograft damage,
but also that the association between donor age and post-transplant histological damage is
independent of the histological quality of the graft at implantation [11]. This suggests that
donor age and the aging process in itself are playing an independent role on renal allograft
histological progression and long-term outcome. From these studies, it can even be hypothe‐
sized that the aging process in itself is accelerated after transplantation, and contributes to
transplant outcome [10].

3. Mechanisms of renal aging

It is essential to distinguish aging from age-related disease. Aging itself is not a disease but
seems to be the greatest risk factor for age-related pathology [12]. The altered molecules with
aging involve many different pathways, including cell integrity, cellular proliferation, cell
transport and energy metabolism. Many of these molecules and processes are not unique to
aging and are likely general pathways involved in tissue damage and repair. Aging is a
programmed biological process that is associated with small transcriptional differences in
many genes, rather than large expression changes in a small number of genes [13-16].
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The aging phenotype is the consequence of cellular senescence, of increased susceptibility to
apoptosis with older age, of impaired regeneration and repair, of decreased functional capacity
of stem cells and progenitor cells, of changes in the expression of growth factors with increasing
age, of mitochondrial changes, of dysregulation of autoregulatory pathways and of immune
system alterations and different immunogenicity of older tissue.

Of the previously mentioned mechanisms of aging, cellular senescence is classically seen as
one of the most important drivers of the aging process. Cellular senescence leads to permanent
and irreversible growth arrest and was detected in seminal in vitro studies by Hayflick and
Moorhead [17, 18]. Senescent cells remain viable but show a changed morphology, greater
heterogeneity, expression of SA-β-gal, accumulation of lipofuscin granules and lack of
response to mitogenic stimuli.

Cellular senescence is a specific response of mitotically active cells to various stressors. It is
determined by multiple factors, including the genetic regulation of metabolism, time, the
number cell cycles of replication, and most importantly the answer to injury and stress [11,
19]. Examples of these different factors are telomere shortening and telomere dysfunction, non-
telomere DNA damage (e.g. due to X-rays, oxidative stress and UV irradiation), mitogenic
signals including those produces by oncogens (wich also cause DNA damage) and non-
genotoxic stress like chromatin perturbation (epigenetic changes) and other stress factors [20,
21] (. Cellular senescence thus not only comprises exhaustion of a predetermined proliferative
capacity (intrinsic senescence or replicative senescence), but can also be induced by extrinsic
factors (stress-induced premature senescence).

In this light, the impact of cellular senescence goes beyond the importance for aging. Cellular
senescence pathways play essential roles in tumor suppression, tumor promotion and tissue
repair.

There is increasing evidence that cellular senescence is a tumor suppressive system (by
inducing growth arrest) and a tumor-promoting phenomenon (by secretion of inflammatory
cytokines) [22]. To reconcile the apparently conflicting impact of cellular senescence on cancer,
Campisi et al. suggest that cellular senescence is a biological process that was selected to
promote fitness in young organisms (beneficial: tumor suppression, tissue regeneration), but
is deleterious in old organisms (harming: aging, tumor promotion) [23]. In the evolution,
senescence pathways evolved in an environment where organism lifespan was short. There‐
fore tumor-suppressor mechanisms needed to be effective for only a relatively short (repro‐
ductive) period [21]. Even if this mechanism was harmful later on, this would not affect
selective pressure. This concept is the essence of the “antagonistic pleiotropy hypothesis” and
makes us understand the senescence concept much better [23].

4. The replicative senescence pathways in renal disease and transplantation

Replicative senescence depends mainly on two pathways: the ARF-p53-p21 signaling pathway
that is partially telomere dependent and the p16-pRb pathway, which is independent of
telomere dysfunction. These pathways interact but can act independently [21, 24].
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1. Replicative senescence pathways ARF-p53-p21 (associated with telomere shortening).

Telomeres comprise tandem TTAGGG repeats of 5000 to 15000 base pairs that normally reside
at the ends of chromosome ends as protection and prevent end-to-end fusion of chromosomes.
Telomeric DNA is synthesized and its length is regulated by telomerase. Most somatic cells
don’t express telomerase and mature telomeres tend to progressively shorten with every cell
division. The crucial role of telomerase absence in the telomere shortening is proven in vitro
as telomere shortening can be bypassed by transfection with telomerase [25].

Telomere length reflects several important factors such as heredity, telomerase activity, the
efficiency of telomere-binding proteins, the rate of cellular proliferation and oxidative stress
in the milieu. Although telomere length is partly heritable, there are major differences in
telomere length even among monozygotic twins, which suggests that environmental factors
(e.g. hyperglycemie, oxidative stress [26, 27]) play a major role in telomere attrition and aging.

When the telomeres become critically short (reach the “Hayflick limit”) a classical DNA-
damage response is triggered with participation of several protein kinases (e.g. ATM and
CHK2), adaptor proteins (e.g. 53BP1 and MDC1) and chromatin modifiers (e.g. gammaH2AX).
Telomere shortening also leads to activation of the p53 pathway (trough p53 phosphorylation)
and herewith associated p21 (also termed CDKN1a, p21Cip1, Waf1 or SD11) expression. Also
other DNA damage responses (DDRs) and ARF (alternate reading frame, p14) can lead to
activation of the p53 pathway. SIRT1 (sirtuin 1) can negatively regulate p53 localization to the
nucleus and its function as a transcription factor.

The clinical importance of telomere shortening has been suggested in a very interesting study,
where leukocyte telomere length was used as a biomarker of aging. In this study, the associ‐
ation between telomere length and various disease processes was independent of chronolog‐
ical age, which suggests the value of telomere length measurement as a biomarker of biological
or cellular age [28].

In contrast to, e.g. blood cells, the association between age and telomere shortening in renal
tissue was only studied scarcely. The supposed association with reduced regenerative capacity
during aging and chronic diseases, and after acute injury, seems valid but has never been
proven in humans. Only Westhoff ‘s study in telomerase deficient mice suggests that critical
telomere shortening in kidneys leads to increased senescence and apoptosis, thereby limiting
regenerative capacity [29].

In adult kidneys, telomerase activity is very low, which results in telomere shortening by every
cell division, as was demonstrated by Melk et al [25].. Also ischemia can induce telomere
shortening as has been shown in different animal models [30-32] Finally, glomerular diseases
like IgA nephropathy, lupus nephritis and focal glomerulosclerosis are associated with
increased p53 expression compared to kidneys without lesions, both in animals [33] and in
humans [34, 35] Whether this relates to telomere length has not been studied to date.

After bone marrow transplantation telomere shortening occurs significantly more rapidly than
would be expected in graft-derived leukocytes. Probably due to the replicative stress on the
blood cell caused the kinetics of haemopoietic engraftment [36]. After solid organ transplan‐
tation there are arguments to state that transplantation is associated with accelerated short‐
ening of telomere length in the transplanted cells [12]. In transplanted renal cells, there is

Current Issues and Future Direction in Kidney Transplantation188

evidence for an increased cell turnover at the time of transplantation and a phase of increased
cell regeneration directly after transplantation that correlates with cold ischemia time [37, 38].
Also a small study showed that shorter telomere length in biopsies obtained at implantation
was associated with lower graft function at 12 months after transplantation, but no correlation
with p21 or p53 was found [39]. These studies need further validation to confirm the role of
telomere shortening on transplant outcome.

2. p16-pRB pathways (independent of telomere dysfunction).

DNA damage by environmental stress is the main stressor for activation of the p16-pRB
pathway although dysfunctional telomeres can also induce p16 [21]. This telomere-independ‐
ent senescence pathway is currently often referred to as ‘STATIS’ (Stress and Aberrant
Signaling-Induced Senescence. P16 (encoded by CDKN2A) is an important tumor suppressor
in the p53 pathway. P16 keeps pRB in an active hypophosphorylated form, which inhibits cell
proliferation and induces growth arrest [12]. The p53 and p16-pRB pathways interact witch
each other and there is a reciprocal regulation.

In native kidneys increased p16 expression is found in human kidneys with glomerular disease
[16], interstitial fibrosis, diabetic nefropathy [40] and animal kidneys with hypertension [41].
Furthermore p16 is induced by cyclosporine, catch up growth in low birth weight and is
attenuated by calorie restriction [12]. Finally, p16 expression correlates significantly with
kidney age [42].

Like the p53 pathway p16 expression relates to ischemia-reperfusion, at least in mice [43].
Furthermore, a rapid increase in p16 expression after transplantation has been described in
murine kidney grafts, which was most pronounced in older animals. Whether these findings
are also valid in humans, remains unknown.

5. Summary

In summary, there is extensive data that the outcome of kidney transplantation is heavily
influenced by the age of the transplanted kidneys. There is some scant evidence that trans‐
plantation in itself increases cell turnover and leads to accelerate replicative senescence.
Whether the association between older kidneys and impaired graft outcome relates to this
accelerate replicative senescence after transplantation is however not clear, and the few
suggestions in the literature need to be validated in large-enough patient cohorts.
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1. Introduction

For patients with end-stage renal disease renal transplantation is the treatment of choice.
However, there is still some controversy if mortality rate after renal transplantation is affected
by the chosen dialysis modality.

It is widely accepted, that in terms of survival hemodialysis (HD) and peritoneal dialysis (PD)
are comparable. Especially in PD-patients with preserved residual renal function, control of
hypertension is achieved more easily, whereas patients with diabetes mellitus do better on
HD. In general, quality of life for patients is assumed to be better with PD than with HD [1].

In a cost-modeling strategy, incorporating quality of life and social perspective aspects in
Scandinavia, it was shown, that the cost per quality-adjusted life year for PD was lower
compared to HD in all analyzed age groups, whereas mean survival and frequency of
transplantation did not differ [2].

Despite technological advance, only 15 % of the world dialysis population is managed by PD.
Therefore, a "integrated approach" suggests starting PD in alarge percentage of patients,
especially when renal transplantation is expected in the next 2 or 3 years after initiation of
dialysis [3].

A very interesting point became obvious when analyzing data obtained from the Dialysis
Morbidity and Mortality Study Wave 2, a national random sample of more than 4000 new
dialysis patients in the USA enrolled during 1996 and 1997 and followed up until 2001. There,
it was shown, that transplantation rates were significantly higher for patients reporting the
greatest contribution to modality selection. These results support the association of patient
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autonomy with transplantation and survival, probably in favor for patients actively choosing
PD as their dialysis modality [4]. Also, a small Japanese single center study in 42 patients
analyzed the effect of dialysis modality on rate of kidney transplantation from living donors
and transplant outcome. There were no differences between the two modalities prior to
transplantation in the graft survival rate, incidence of acute rejection, and complications before
and after transplantation.However, The transfer rate from PD to transplantation was signifi‐
cantly (p = 0.0036) higher (4.7%) than that of HD (1.9%). Probably reflecting better cooperation
between with the patients, their family and the provision of relevant information by nephrol‐
ogists during PD [5].

2. Mortality on PD and HD

Although in 2005 the European Best Practice Guidelines for Peritoneal Dialysis conclude, on
the basis of the available data, that peritoneal dialysis is a good treatment prior to renal
transplantation there are contradictory survival rates reported in the literature for patients
either on HD or on PD[6].

In 1995, data from the US Renal Data Systems from more than 170,000 patients showed,
thatprevalent patients treated with PD had a 19% higher adjusted mortality risk (p< 0.001) than
those treated with HD [7].

In a comparable analysis obtained from the Canadian Organ Replacement Register, using data
from 11,970 ESRD patientswho initiated treatment between 1990 and 1994 and were followed-
up for a maximum of 5 years was themortality rate ratio for CAPD/CCPD relative to hemo‐
dialysis, as estimated by Poisson regression, was 0.73. There, the increased mortality on
hemodialysis compared with CAPD/CCPD was concentrated in the first 2 years of follow-up
and was detectable in all subgroups defined by age and diabetes status [8].

In contrast, a study comparing two year mortality rates of patients on the waiting list for renal
transplantation to a historical prospective cohort of more than 12000 PD and HD patients
disclosed, that especially for patients with a body mass index (BMI) of>= 26 mortality was
increased with PD as dialysis modality [9].

Nevertheless, in a cohort of more than 3000 non-diabetic patients starting dialysis there was
no difference in survival for patients treated either with PD or HD [10].

Also, in the well-known, prospective Netherlands Cooperative Study on the Adequacy of
Dialysis (NECOSAD) adjusted mortality rates between HD and PD patients were similar for
the first two years. Thereafter, an increase in mortality especially in patients >= 60 years was
detected [11].

Comparable results were seen in a prospective multicenter cohort study in 1041 patients (767
HD, 274 PD). There, the risk of mortality was equal in both groups for the first year with an
increase in the second year. In addition, 25% of PD but only 5% of the HD patients switched
their type of dialysis modality [12].
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3. Renal transplantation in PD–patients – first experience

The first experience about the use of peritoneal dialysis in patients waiting for renal trans‐
plantation were published in some very early reports describing the feasibility of PD for
patients awaiting renal transplantation[13-15]. Also in a small series of 15 patients the experi‐
ence with renal transplantation in PD-patients was reported. Despite the fact, that some of the
PD patients had peritonitis at the time of transplantation, no differences in graft survival were
shown [16].

Similar results were published in an early study with a group of 44 patients, showing compa‐
rable results for patients with PD compared to HD patients[17].

Also, a small study in 9 PD patients reported significantly greater and longer wound drainage
in PD patients. However, the incidence of acute rejection episodes, delayed graft function, graft
arterial thrombosis and graft function recovery was not different [18].

4. PD versus HD and survival after renal transplantation

In a retrospective analysis of 61 PD and 159 HD patients there were no differences in survival
of patients or grafts between the two treatment groups. One year after transplantation the
percentages of survivors who had received continuous ambulatory peritoneal dialysis and
hemodialysis were 88% and 91% respectively, and overall graft survival was 66% and 72%,
respectively [19]. Similar results were reported from 42 PD patients, either treated with CAPD
for more than 26 weeks or less than 26 weeks in comparison with 55 HD patients, irrespectively
if treated with azathioprine + prednisolone or cyclosporine + prednisolone [20]. A retrospective
analysis of 389 patients transplanted between Juli,1974, and July 1985, also evaluated the effect
of dialysis modality on transplantation and mortality rates. By correcting for the influence of
different variables and using time-dependent treatment co-variables, the bias adjusted
estimates of the relative risk of death did not differ significantly from one another [21]. A cohort
analysis of 500 first renal transplant recipients (241 on CAPD, 259 on HD) showed identical
graft and patient survival after five years. However in 37 PD patients post-transplant perito‐
neal dialysis was necessary, while 10 patients developed peritonitis [22].

In 54 patients with renal transplantation after PD compared to 48 patients after HD with an
immunosuppressive regimen consisting of prednisolone, azathioprine and cyclosporine there
no significant difference in patient mortality and survival or graft survival between the groups.
The incidences of infections were also similar in the two groups [23].

5. PD and complications after renal transplantation

There is some concern with respect for the risk of infections, especially peritonitis caused by
the peritoneal catheter in PD patients. In a retrospective single center analysis the experience
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with 18 renal transplantations in 16 PD patients was reported. In two cases cultures of the
peritoneal catheter removed a few days after successful transplantation were positive.
Nevertheless, with adequate antibiotic treatment none of the patients ever developed clinical
peritonitis [24].

A cohort analysis of 500 first renal transplant recipients (241 on CAPD, 259 on HD) showed
identical graft and patient survival after five years. However, 10 PD patients developed
peritonitis [21]. Also, in a series of 100 patients undergoing simultaneous pancreas-kidney
(SPK) transplantation (25 PD patients, 75 HD patients) frequency of abdominal infections, one
year pancreas-graft survival rates, acute rejection episodes, kidney graft survival rates, or
length of hospital stay did not differ between the two groups[25].

The question of peritonitis in peritoneal dialysis patients after renal transplantation was also
addressed by a retrospective, single center study of 232 PD patients. In total, 30 peritonitis
episodes with predominantly Staphylococcus aureus (10/30) or gram-negative bacteria (12/30)
were observed. Risk factors associated with post-transplant peritonitis were the total number
of peritonitis episodes, previous peritonitis with S. aureus bacteria, male sex, technical surgical
problems at the time of transplantation, more than two rejection episodes, permanent graft
non-function, and urinary leakage [26].

Comparable  results  are  reported  in  a  two-center  study  on  post-transplant  PD-related
complications  in  137  PD patients.  There,  only  in  a  minority  of  the  patients  (n=19)  PD-
catheters were removed on the time of transplantation. In the remaining 118 patients the
peritonitis rate was 7% [27].

In the European Best Practice Guidelines for Peritoneal Dialysis it is recommended to remove
the catheter early after transplantation, nevertheless the catheter could be left in situ for 3–4
months despite a functioning graft. The guidelines also state, that peritonitis and exit site
infections in transplanted patients should be treated using the ISPD guidelines 6.

In the last years the problem of post-transplant diabetes mellitus (PTDM) has gained more
attention. A single center study reports on the occurrence of PTDM in 72 renal transplant
recipients. In univariate analysis, the factors associated with the elevated risk of PTDM
appearance were treatment by PD, older recipient age, positive family history of diabetes,
hypertensive nephropathy as end-stage renal disease cause, higher body mass index at
transplantation, and the graft from an older donor [28].

PD may be associated with an increased risk for graft thrombosis. At least, a single center
experience revealed that in 915 consecutive renal transplantations CAPD was associated with
a growing frequency of renal allograft thrombosis (7.3% vs. 3.6 %, p<0.02). No differences in
transplant characteristics, including hemodynamics, hematological parameters, immunosup‐
pressive therapy, graft anatomy and preservation, were observed between the cases with graft
thrombosis and a matched control group of 88 patients [29].

After renal allograft failure, patients may chose PD as their primary treatment option again.
For this situation, it was shown, that after a failed renal transplantation PD-patients are prone
to greater risk of death compared to PD-patients never transplanted. In addition, time to first
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peritonitis, subsequent episodes of peritonitis, catheter change, or transfer to hemodialysis
occurred at a much faster rate in patients with a failed transplant [30].

For patients returning to PD after graft failure, there may be a survival advantage in main‐
taining them on long-term immunosuppressive therapy. At least, a decision analytic model
comparing the use of immunosuppression after transplant failure and return to peritoneal
dialysis with immunosuppressive withdrawal, lead the authors to conclude, that there may
be a survival advantage in maintaining patients on long-term immunosuppression [31].

6. PD and the occurrence of delayed graft function after renal
transplantation

It is well known, that delayed graft function (DGF) and acute renal failure (ARF) after renal
transplantation negatively influence short- and long-term graft outcome, therefore it is of
interest to know if peritoneal dialysis affects occurrence or severity of DGF after renal
transplantation.

A study in 250 patients (70 PD, 180 HD) evaluated the influence of dialysis modality on
transplant outcomes. Among HD patients, 16% displayed DGF, versus 12% of PD patients.
Multivariate analysis showed that factors affecting DGF were mode of dialysis, serum
concentrations of parathyroid hormone and C-Reactive-Protein, and hemoglobin levels. Also
after 3 and 5 years follow-up, PD patients showed fewer graft failures than HD patients (14%
vs. 20%; and 17% vs. 28%[32].

In an analysis of 92 PD patients and 587 HD patients there was higher immediate graft function,
less delayed graft function and less patients with never functioning grafts in the PD group.
The groups were comparable except for a higher prevalence of diabetes (p < 0.05) and a shorter
time on dialysis (p < 0.01) in PD patients [33].

A retrospective study in 40 PD and 79 HD patients receiving their first renal transplant
analyzed the occurrence and frequency of DGF and acute renal failure. Both, DGF and ARF
were observed less in the PD group than in the HD group. In a multivariate model, the authors
could show that PD as pre-transplantation modality favorably modified the relative risk of
developing DGF and ARF after renal transplantation[34]. A single center analysis in more than
650 patients (92 PD, 587 HD) reports a higher rate of DGF in HD patients (39.5% vs. 22.5%)
and a higher rate of never functioning grafts in HD patients compared to PD patients (14% vs.
9%). When potential risk factors for DGF were compared, no relevant differences could be
found [33].

Also for PD patients on automated peritoneal dialysis (APD), a retrospective matched-pairs
study with 67 APD-patients showed favorable effects for PD on initial graft function (patients
with a creatinine clearance below 10 ml/min 6 days after surgery) after post-mortem renal
transplantation [35].
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A recent retrospective single center analysis in 38 PD and 268 HD patients describes a higher
incidence of DGF and primary allograft failure for HD patients, but was no difference in acute
rejection episodes, long-term survivals, or renal function [36].

A case control study the incidence of DGF, defined as necessity to perform dialysis after
transplantation, was analyzed in 117 PD and HD patients with a follow-up of 6 months. When
matching the patients for age, sex, HLA compatibility PD-patients developed less DGF (23.1%)
than HD patients (50.4%). In addition the decline of creatinine levels after transplantation was
faster in PD patients. However, PD patients developed more acute rejection episodes, than HD
patients, but creatinine levels after 6 weeks and 6 months were not different between the
groups [37].

Besides a bundle of published single center experiences with renal transplantation in PD
patients we do have at least two registry studies reporting on the effect of pre-transplant
dialysis modality on renal transplant results.

Data from the United Network of Organ Sharing on all cadaveric graft recipients who were
dialysis-dependent at the time of transplantation were analyzed with respect to different
outcomes in the immediate post-transplant period for HD or PD patients. In total more than
9000 patients were evaluated, showing that PD patients were on dialysis for a shorter period
of time, were more likely to be white, had a better HLA match, and had a lower PRA. After
adjusting for comorbidities, the odds of oliguria were 1.60 times higher in black HD patients
compared with PD patients and 1.29 times higher in white HD patients. Also, the odds of
requiring dialysis in the first week were 1.56 times higher in black HD patients versus PD
patients and 1.40 times higher in white HD patients. The rate of acute rejection was similar
during the first hospitalization. Therefore, the authors suggest that there may be an association
between hemodialysis and delayed graft function assuming that differences in biocompati‐
bility between the two modalities could potentially be responsible [38].

A large retrospective analysis compared transplantation rates in PD and HD and outcomes
after transplantation in more than 22000 patients from the years 1995 to 1998 in a US cohort.
PD patients were more likely to be transplanted and their death censored graft failure was
higher. However, mortality and overall graft failure were not different. Interestingly, the risk
for early graft failure was higher for PD patients despite DGF was less common [39].

7. Own experience with PD and renal transplantation

Because of the in part contradictory data published in the literature we analyzed our own
population of renal transplant recipients with the means of a retrospective case control study.
Therefore, we chose 50 consecutive peritoneal dialysis patients transplanted since 1999. For
match-pair-analysis, and as control group we selected the next hemodialysis patient subse‐
quently transplanted after each PD patient. Follow-up data were available with a maximum
of ten years after transplantation.

Kruskal-Wallis Test and Chi-Square-Test were calculated, with assuming a p<0.05 as signifi‐
cant, for statistical purposes.
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The PD-group consisted out of 28 male and 22 female patients with a mean age of 48.7 +/- 11.5
years (HD: 31 m, 19 w, 49,8 +/-13, p=n.s.) quite reflecting the German dialysis population. With
respect to time on renal replacement therapy, cytomegalo-virus-status, HLA-mismatch,
proportion of living donors, age, sex and initial immunosuppression there were no differences
between the groups.

Although, during follow up more less PD-patients (n=3) than HD-patients (n=8) died, this
difference did not reach statistical significance. With respect to graft failure, transplant loss
(n=18) occurred significantly more in HD patients (n=13) than in PD patients (n=5). Neverthe‐
less, mean serum-creatinine after 1, 2 and 5 years was not significant different between the
groups. Also, delayed graft function was reported in only 4 PD patients compared to 10 HD
patients (p<0.05).

To summarize, in our retrospective match-pair analysis patients on PD before renal trans‐
plantation developed less delayed graft function and had less graft loss during follow-up than
patients on HD before transplantation.

8. Conclusion

Peritoneal dialysis (PD) is an established method of renal replacement therapy. PD and
hemodialysis (HD) seem to be equivalent for long-term survival of the patients. Nevertheless,
there is a beneficial effect of PD on patient survival after initiation of dialysis therapy. Probably,
better preservation of residual renal function in PD patients compared to HD patients may be
responsible for this effect.

Renal transplantation is the best treatment option for patients with endstage renal disease. The
potential risk of infectious complications in PD patients after renal transplantation is attributed
to the remaining PD catheter. However, this risk seems to be low and without effect on graft
survival. For patients on HD a higher percentage of delayed graft function after renal trans‐
plantation is constantly reported in the literature. Nevertheless, long time patient and graft
survival are not different between both treatment modalities.

Our own long-time clinical experience is congruent with the published literature and proves
that peritoneal dialysis is a valuable treatment option for patients with end stage renal disease
waiting for renal transplantation.
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1. Introduction

The use of potent induction agents and maintenance immunosuppression has substantially
decreased the risk of acute rejection. One year graft survival is greater than 92% in deceased
donor and 96% in living donor transplant recipients with current immunosuppressive
strategies according to the Scientific Registry of Transplant Recipients, (SRTR, 2009).

Half life appears to be the best way to give the patient a general understanding of how long
their transplant may last. The graft half life for deceased donor transplants has increased from
6.6 years in 1989 to 8.8 years by 2005. Significant progress has also been made in high risk
transplants where graft half life has improved from 3 years in 1989 to 6.4 years in 2005 for
expanded criteria donor recipients. For the standard low risk patient receiving a living donor
kidney, current immunosuppression should guarantee a graft half life of at least 11.9 years. [1]

However, the problems of chronic rejection and chronic allograft dysfunction still remain,
often leading to graft loss and shortened long-term graft survival.[2] The 5 and 10 year adjusted
graft survival for deceased donor transplants were 70% and 43% respectively. The adjusted 5
year and 10 year graft survival for living donor transplant were 82% and 60% respectively.
(SRTR, 2009)

Humoral rejection and sensitized patients continue to be a clinical challenge. The management
and clinical impact of subclinical rejection also remains unclear. Although there are numerous
clinical trials testing different immunosuppressive strategies, a lack of large prospective
randomized clinical trials has decreased our ability to generate consensus on the best immu‐
nosuppressive strategies for preserving long-term allograft function. This chapter will focus
on reviewing multiple aspects of immunosuppressive therapy, such as; 1) mechanism of
action, 2) how therapies are being utilized in practice, 3) the advantages and/or disadvantages
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of different therapies and 4) major clinical trials evaluating the effectiveness of specific
regimens. New emerging strategies and therapeutic agents that are being investigated will
also be discussed.

2. Induction agents

The goal of induction therapy is to suppress both cellular and humoral responses to prevent
episodes of acute rejection. Rabbit anti-thymocyte globulin (rATG), IL-2 receptor blockers, and
Alemtuzumab (Campath), are the primary antilymphocyte antibody preparations that are
currently used for induction. More than 80% of the transplant centers in the United States use
induction agents immediately post transplantation.[3] The specific agent utilized is often based
on multiple factors which include recipient risk for rejection, recipient race, presence of chronic
infections such as Hepatitis B or C, HIV, and center preference. See Table 1. for common
induction agents.

2.1. Thymoglobulin

Thymoglobulin (rATG) is the most commonly used induction agent in United States. (rATG),
is an antilymphocyte polyclonal antibody that is derived by injecting rabbits with human
thymocytes. rATG contains polyclonal cytotoxic antibodies mainly targeted against various
epitopes on human T lymphocytes and works primarily by complement mediated depletion
of T lymphocytes. However, the multiple specificities of rATG against a broad range of T-cell
antigens can affect multiple pathways involved in T-cell trafficking, adhesion, activation and
promotion of certain T-cell subsets that may be more favorable for transplantation such as T-
regulatory cells. [4-6] Although primarily a T-cell directed agent, the development of humoral
responses which are dependent on T-cell help are likely compromised by rATG as well.

2.1.1. Side effects

Secondary to potential infusion reactions and other toxicities, administration of rATG requires
patient monitoring and is administered in an inpatient setting or in an established infusion
center. The typical dose is 1.5mg/kg/dose and involves 3-5 doses of rATG, depending on center
protocols.

The antibodies in rATG can bind to proteins on the surface of granulocytes as well as platelets
and hence leucopenia and thrombocytopenia are commonly encountered after rATG admin‐
istration. Cytopenias are handled either by dose reduction or holding the dose. Despite
premedication, infusion reactions do occur including fevers, chills and arthralgias. Serious
reactions such as anaphylaxis, acute respiratory distress syndrome (noncardiogenic pulmo‐
nary edema) occur rarely. Typically these reactions are a result of intense cytokine release from
lysis of T lymphocytes. Since rATG is obtained from rabbit sera, serum sickness can occur
which presents with fever, malaise, diffuse arthralgias and rash. rATG results in prolonged T
cell depletion, up to 6 months post administration and recipients are at increased risk for

Current Issues and Future Direction in Kidney Transplantation206

opportunistic infections and lymphoma. Patients are typically prophylaxed for cytomegalo‐
virus infection and pneumocystis carinii infection post rATG administration.

2.2. Alemtuzumab

Alemtuzumab or Campath is a recombinant humanized monoclonal antibody directed against
CD52. It binds to CD52 receptor on the surface of T and B lymphocytes leading to antibody
mediated cell lysis. CD52 is present on virtually all B and T cells as well as macrophages, NK
cells and some granulocytes. It was initially approved for use in B-cell lymphocytic leukemia
and is now used in transplantation. Alemtuzumab induces a rapid and profound depletion of
peripheral and central lymphoid cells. It is typically administered as a single 30 mg dose either
subcutaneously or intravenously. Just like rATG patients receive premedication to prevent
infusion reactions. When used as an induction agent it is given intraoperatively. Single dose
administration makes Campath a more convenient option to administer compared to rATG
which is typically administered daily for 3-5 days.

2.2.1. Side effects

Potential side effects include thrombocytopenia, vomiting, diarrhea, headache and rarely auto-
immune hemolytic anemia. Infection and lymphoma risk is similar to rATG, and patients are
similarly prophylaxed for potential infections.

2.3. IL-2 receptor blockers (IL-2RA)

IL-2 receptor blockers, Basiliximab (Simulect) and daclizumab (Zenapax) are humanized anti-
CD25 monoclonal antibody preparations. They are targeted against the α-chain (CD25) of the
IL-2 receptor. Rather than working by lymphocyte depletion, these agents block IL-2 signaling
which is required for T-cell growth, differentiation and expansion. Because both agents are
derived from mice and partly humanized, they cause far less infusion reactions compared to
rATG. Daclizumab is currently not available for use in United States. Basiliximab is used in
the U.S. and is typically administered as 20mg intravenous infusion intraoperatively with
subsequent doses given on the third or fourth post operative day. Neither drug has major side
effects. Risk of infection and lymphoma is far less than that of lymphocyte depleting agents.

3. Which induction agent?

According to the annual report from SRTR 2009, 83% of transplant recipients received
induction agents at the time of kidney transplant. The majority of patients received a T-cell
depleting agent, 58%, and 21.2% received an IL-2 receptor blocking agent.

How agents are used in practice is dependent on a number of factors which range from center
specific protocols to tailored immunosuppression based on recipient factors. The risks and
benefits of each agent must be assessed in every patient individually based on the individuals’
immunologic risk and susceptibility to infectious complications. Induction agents clearly
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lysis of T lymphocytes. Since rATG is obtained from rabbit sera, serum sickness can occur
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opportunistic infections and lymphoma. Patients are typically prophylaxed for cytomegalo‐
virus infection and pneumocystis carinii infection post rATG administration.

2.2. Alemtuzumab

Alemtuzumab or Campath is a recombinant humanized monoclonal antibody directed against
CD52. It binds to CD52 receptor on the surface of T and B lymphocytes leading to antibody
mediated cell lysis. CD52 is present on virtually all B and T cells as well as macrophages, NK
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IL-2 receptor. Rather than working by lymphocyte depletion, these agents block IL-2 signaling
which is required for T-cell growth, differentiation and expansion. Because both agents are
derived from mice and partly humanized, they cause far less infusion reactions compared to
rATG. Daclizumab is currently not available for use in United States. Basiliximab is used in
the U.S. and is typically administered as 20mg intravenous infusion intraoperatively with
subsequent doses given on the third or fourth post operative day. Neither drug has major side
effects. Risk of infection and lymphoma is far less than that of lymphocyte depleting agents.

3. Which induction agent?

According to the annual report from SRTR 2009, 83% of transplant recipients received
induction agents at the time of kidney transplant. The majority of patients received a T-cell
depleting agent, 58%, and 21.2% received an IL-2 receptor blocking agent.

How agents are used in practice is dependent on a number of factors which range from center
specific protocols to tailored immunosuppression based on recipient factors. The risks and
benefits of each agent must be assessed in every patient individually based on the individuals’
immunologic risk and susceptibility to infectious complications. Induction agents clearly
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possess different mechanisms of action that will have different effects on modulating cellular
and humoral immune responses. It may be more advantageous to use more potent induction
therapies such as the lymphocyte depleting agents, in those recipients at higher risk for
rejection. On the other hand, utilizing such agents may be of concern in recipients with chronic
infections such as hepatitis B and/or C or HIV. [7-10]

Table 1. Immunosuppressive agents

Lymphocyte depleting agents such as rATG and Alemtuzumab primarily differ in their ability
to deplete specific types of leukocytes. rATG contains polyclonal antibodies directed at thymic
antigens and is more T-cell directed, and has little direct effect on B-cell depletion. Alemtuzu‐
mab contains a specific monoclonal antibody against CD52 which is expressed by both T and B
cells as well as antigen presenting cells (APCs). The effect of Alemtuzumab mechanistically is
directed at disabling several arms of the immune response, such as cell mediated (T-cell re‐
sponses) and humorally mediated (B-cells) responses, as well as affecting antigen presenting
cells.

Existing studies however, fail to show greater efficacy of Alemtuzumab compared to rATG in
clinical trials. However, case series and other small trials speak of the benefit of utilizing
Alemtuzumab in refractory rejection, and in instances of mixed rejection where an agent with
activity against both cell mediated and humoral responses are required. Finally, both Alem‐
tuzumab and rATG are agents of choice in patients that are considered higher risk such as
African American race, repeat renal transplant, and sensitized patients with high panel
reactivity to multiple HLA antigens.

The IL-2 receptor blocker, Basiliximab (Simulect), provides an option for induction therapy in
those recipients with history of chronic infections with hepatitis B and or C and HIV, as
Simulect is associated with less infectious complications post-transplant compared to lym‐
phocyte depleting agents. Less immunosuppression is also an attractive option for those
patients who may not require potent induction therapy, such as recipients that are older,
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Caucasian, and those receiving living donor kidneys. When compared to lymphocyte deplet‐
ing agents, clinical trials suggest more acute rejection episodes with IL-2RA. [11]

Utilizing data from the United Network For Organ Sharing Data Registry, a recent study
examining a large cohort of  HIV recipients demonstrated higher risk of DGF and death
censored graft  loss with IL-2 receptor agents.[12] HIV patients also have higher rates of
acute rejection with one recent study reporting a 31% incidence at one year.[7] Questions
remain  as  to  whether  this  is  driven  in  part  by  choosing  a  less  potent  induction  agent
such as Simulect or issues with achieving therapeutic levels and/or avoiding toxic levels
of  maintenance  drugs  that  interact  with  many  anti-retroviral  HIV medications.  Thymo‐
globulin has been used in HIV recipients but can lower the CD4+ cell count dramatically,
with recovery occurring as far out as two years. [13] Thymoglobulin use in HIV has also
been associated with increased risk of infections requiring hospitalizations. Clearly, more
studies are needed to weigh the risks and benefits of IL-2 receptor blockers on long-term
graft function and post-transplant infectious complications.

4. Comparison of induction agents; clinical trials

A study by Terasaki et al analyzed the various induction immunosuppression strategies used
across centers in the United States [3]. From 2003 onwards, the majority of centers were
utilizing Simulect, rATG or Alemtuzumab. According to the OPTN database, recipients who
received alemtuzumab had the lowest risk of graft failure, followed by rATG and basiliximab.
However, the benefit of one induction agent over the other is not entirely clear because
conclusions from small single center studies and retrospective studies utilizing database
reviews are often mixed. In addition, studies may be difficult to evaluate secondary to different
maintenance regimens that are used after induction.

Larger randomized trials and multicenter trials have been conducted and generally dem‐
onstrate  that  cell-depleting  agents  are  generally  more  efficacious  than IL2RA induction.
[3] In a randomized controlled trial, rATG was superior to IL2RA in preventing acute re‐
jection  in  recipients  with  high-immunologic  risk,  and with  standard  criteria  donor  kid‐
neys. Two prospective randomized trials demonstrated rATG was superior to basiliximab
in preventing biopsy proven acute rejection in standard criteria donor kidney recipients.
When comparing Alemtuzumab to rATG, studies are mixed.  In a separate single center
randomized  trial  comparing  alemtuzumab  with  rATG  induction,  Farney  et  al  have
shown that  alemtuzumab is  superior  to  rATG in  preventing biopsy proven acute  rejec‐
tion.[14]  However,  in  a  larger  randomized  multicenter  study  (INTAC),  Hanaway  et  al
compared induction therapy with alemtuzumab to conventional induction (basiliximab or
rATG).  At  one year  post  transplant,  the  incidence of  biopsy proven acute rejection was
lower in  the alemtuzumab arm compared to  basiliximab induction in low immunologic
risk  recipients.  However  in  the  high  immunologic  risk  recipients,  alemtuzumab was  as
efficacious but not superior to rATG.
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5. Induction agents in sensitized patients

Rituximab (Rituxan) is used in the following clinical scenarios; 1) ABO incompatible or
positive cross match transplantation, 2) treatment of antibody mediated rejection and 3)
desensitization by decreasing titers of preformed alloantibodies prior to transplantation.
[15-17] It is an anti-CD20 monoclonal antibody directed against the CD20 antigen present on
naive B-cell lymphocytes. It creates a rapid and sustained depletion of circulating naive B cells
for approximately 6 months. Because of its specific activity against B-cells, Rituxan is used to
target the humoral arm of the immune response by limiting B-cell activity and antibody
production. Although widely used in transplantation, the efficacy of this drug when compared
with other newer agents in treating humoral responses and decreasing alloantibody produc‐
tion remains to be seen.

Eculizumab, is an anti C5 antibody which leads to terminal complement blockade and pre‐
vents formation of the membrane attack complex. Eculizumab protects allografts from comple‐
ment mediated injury which occurs when pathogenic alloantibodies directed against donor
allograft tissue activate complement. Although not widely used yet, the Mayo Clinic published
an open label study demonstrating that blockade of terminal complement decreases antibody
mediated rejection in sensitized patients and allows for positive crossmatch transplantation to
occur. Eculizumab reduced antibody mediated rejection (AMR) to 7.7% compared to historical
control groups where the incidence of AMR was 30-40% in the first few months.[18] Compared
to long-standing protocols widely used for sensitized patients (e.g, plasmapharesis, IVIG and
Rituximab), Eculizumab looks more promising in decreasing AMR rates.

Bortezomib, is a proteasome inhibitor that has specific activity against high affinity antibody
producing plasma cells (PC), and induces apoptosis of circulating PC (a small percentage of
the PC population) but in addition is able to effect PC that remain in survival niches such as
the bone marrow and spleen.[19] Besides affecting the humoral arm, Bortezomib has multiple
effects on immune cell function. Proteosome inhibition prevents the function of NFκB, an
important transcription factor that transcribes multiple genes important for immune cell
function and disrupts the regulation of cell cycle proteins, cell survival signals and expression
of adhesion molecules.[20, 21] In transplantation it is used to treat refractory antibody
mediated rejection as well as to reduce the burden of preformed alloantibodies to facilitate
transplantation of highly sensitized individuals. Studies and case series evaluating the use of
Bortezomib for desensitization and treatment of acute rejection have been mixed.[22-25]
Although used by some centers, it has not been widely adopted into practice.

6. Maintenance immunosuppression

Maintenance therapy is used to prevent acute rejection and promote long term graft survival.
Conventionally, combinations of 2-3 drugs with different mechanisms of action targeting
various immune responses are used. Maintenance regimens vary according to the center,
immunological risk of the patient, and individual susceptibility to adverse reactions. The
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introduction of calcineurin inhibitors (CNI) together with anti-proliferative agents like
mycophenolate mofetil has resulted in major improvements in acute rejection rates and short
term graft survival over the last three decades in kidney transplant recipients. However, long
term graft outcomes have not improved dramatically, partly because of nephrotoxicities
associated with the long term use of these drugs. In the year 2009, the initial maintenance
regimen for 81% of kidney transplant recipients included tacrolimus and mycophenolate
mofetil, per SRTR report, 2009. At one year post transplantation, 72.1% of the kidney transplant
recipients remained on tacrolimus and mycophenolate moefetil and only 5.3% were receiving
cyclosporine and mycophenolate mofetil. See Table 1 for common maintenance agents.

Although the majority of US centers utilize CNI in combination with mycophenolate moefetil
for maintenance, different dosing strategies for CNI, as well as new agents are being explored.
A recently FDA approved medication for use in renal transplant, Belatacept, may have a
promising role in widescale maintenance immunosuppression in the future. The basic
pharmacology, clinical uses, major drug interactions and toxicity profiles of commonly used
and new maintenance agents will be discussed in this section.

6.1. Calcineurin inhibitors

Since their introduction in the 1970s, CNI have been the fundamental agents used for main‐
tenance immunosuppression in solid organ transplantation. They played a revolutionary role
in transplantation by dramatically reducing the incidence of acute rejection episodes and
prolonging allograft survival post-transplant. Cyclosporine and tacrolimus are the available
CNI preparations with both having a unique role in maintenance. Currently, tacrolimus is
more widely used compared to cyclosporine primarily because there is less nephrotoxicity
associated with tacrolimus. Based on recent SRTR reporting, the use of cyclosporine has
declined from 66.3% in 1998 to 5.7% in 2009. Notably the use of tacrolimus has increased from
25.9% to 87.8%.

6.2. Mechanism of action of CNI

The target protein of both tacrolimus and cyclosporine is CNI which is a calcium-dependent
phosphatase. This enzyme is ubiquitously expressed and associates with calmodulin to form
an active enzyme complex that dephosphorylates and activates the transcription factor,
nuclear factor of activated T cells (NFAT), after T-cell receptor signaling. Dephosphorylated
NFAT can then translocate to the nucleus and initiate transcription of several key cytokine
genes (e.g., IL-2, IL-4, TNF- and IFN-γ). Blockade of calcineurin leads to decreased NFAT
activity and transcription of critical cytokines affecting T cell function, activation and prolif‐
eration. Both these drugs bind to cytoplasmic proteins to mediate their action. Cyclosporin
binds to cyclophilin, while tacrolimus binds to FKBP-12.

6.3. Clinical use

Recommended starting dose for tacrolimus is 0.15-0.30 mg/kg, while that of cyclosporine is
6-10 mg/kg. For both drugs, total dose is administered in two divided doses. Intravenous
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dosing is 1/3rd of the total oral dose, administered as a continuous 24 hour infusion. Patient
variability in drug kinetics can be attributed to the heterogeneity of metabolic activity of the
enzyme responsible for calcineurin metabolism; the liver enzyme, CYP3A. In general, African
Americans may require higher doses of tacrolimus, whereas patients with liver disease and
elderly patients may need lower doses. Because of wide patient variability in metabolism,
therapeutic drug monitoring is routinely performed with these agents. Most centers check a
12 hr trough level prior to the morning dose. More sophisticated monitoring with area under
the curve (AUC) measurements is available but is not routinely performed because of technical
and clinical difficulties. During the first 3 months post transplant, our center aims for a 12 hr
tacrolimus trough in the range of 8-12 ng/dl, followed by a level of 6-10 ng/dl for months 4 to
12. After the first year, we reduce tacrolimus dosing aiming to achieve maintenance levels of
of 4-6 ng/dl. For cyclosporine, a 12 hour trough of 250-350 mg/dl are maintained for the first
few months and then target levels are gradually decreased. After the first year post transplan‐
tation the usual cyclosporine trough is between 100-200mg/dl. Targeted drug ranges vary
across centers and are driven by center protocols that take into account patient risk, type of
induction used and the strength of other agents used for maintenance.

6.4. Metabolism of CNIs and major drug interactions

Both tacrolimus and cyclosporine are metabolized by cytochrome P450 (CYP3a) enzymes that
are located in the GI tract and liver. Both drugs are excreted in bile so dosage adjustment is
not needed in renal insufficiency. Many medications are metabolized by P450 system and
therefore many potential and significant drug interactions with CNI can occur. Classes of drugs
that induce CYP3a can reduce CNI levels, such that increased dosing may be required to reach
therapeutic and adequate ranges. On the other hand, drugs that block the action of CYP3a can
lead to increased levels of CNI, which can lead to acute nephrotoxicity among other side effects.
Specific blood pressure medications, antibiotics, anti-fungals, anti-convulsants and HIV
medications need to be reviewed for p450 interactions, and both CNI and medications need
to be adjusted accordingly. Commonly used medications that affect P450, and the subsequent
impact on CNI levels are shown in Table 2.

Agents that are not often considered in practice, but having an effect on CNI include, steroids
which when withdrawn can lead to increases in drug levels of CNIs, and binders such as
cholestyramine and sevelamer which can bind CNIs and prevent absorption leading to sub
therapeutic levels. Grape fruit juice increases absorption of tacrolimus and hence it is generally
recommended to avoid its use with CNIs. Several herbal medications can also alter the
metabolism of these drugs.

Because of the sensitive interactions between CNI and antiretrovirals, mangagement of CNI
in HIV recipients can be challenging. CNI toxicity and supra therapeutic levels of CNI are
common issues in HIV recipients and most likely contributes to allograft dyfunction. Reduced
dosing of Tacrolimus is required with some protease inhibitors, particularly Ritonavir, the
most potent blocker of CYP3A, and is dosed once to twice a week as opposed to the normal
twice a day dosing.
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Table 2. CNI-Drug Interactions

6.5. Adverse effects and toxicities of CNI

CNIs have facilitated the success of transplantation and a greater number of patients are living
with functioning transplants for longer periods of time. This has made long term CNI exposure
and the associated side effects inevitable. Cyclosporine and tacrolimus possess unique side
effect profiles which play an important role in agent selection for individual patients.

One of the most significant side effects of CNIs is nephrotoxicity which contributes to chronic
allograft dysfunction and late allograft loss. Acute CNI toxicity is functionally mediated by
vasoconstriction of the afferent arteriole leading to reduction in renal blood flow and glomer‐
ular filtration rate. Studies demonstrate that CNI increases renin production in the kidney
leading to angiotensin II mediated vasoconstriction. [26] Chronic exposure can lead to
prolonged vasoconstriction and acute tubular necrosis. Chronic CNI nephrotoxicity can
mediate vascular injury, glomerular ischemia, tubular atrophy and chronic interstitial fibrosis.
Basic studies do demonstrate that excess production of fibrosing cytokines like transforming
growth factor beta (TGF-β) is in part driven by CNI direct role on renin secretion in the kidney.
[27] The development of calcineurin minimization and withdrawal protocols as well as the
development of new maintenance agents are an attempt to prevent/minimize CNI nephro‐
toxicity and its impact on long-term allograft survival.

Other adverse renal manifestations of CNIs include thrombotic microangiopathy, which
presents with renal dysfunction, microangiopathic hemolytic anemia and thrombocytopenia.
CNI can also cause isolated tubular toxicity which manifests in many forms of electrolyte
disturbances. The most prominent and clinically significant of these are renal tubular acidosis
(RTA) type 4 (typically associated with metabolic acidosis and hyperkalemia) and hypomag‐
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dosing is 1/3rd of the total oral dose, administered as a continuous 24 hour infusion. Patient
variability in drug kinetics can be attributed to the heterogeneity of metabolic activity of the
enzyme responsible for calcineurin metabolism; the liver enzyme, CYP3A. In general, African
Americans may require higher doses of tacrolimus, whereas patients with liver disease and
elderly patients may need lower doses. Because of wide patient variability in metabolism,
therapeutic drug monitoring is routinely performed with these agents. Most centers check a
12 hr trough level prior to the morning dose. More sophisticated monitoring with area under
the curve (AUC) measurements is available but is not routinely performed because of technical
and clinical difficulties. During the first 3 months post transplant, our center aims for a 12 hr
tacrolimus trough in the range of 8-12 ng/dl, followed by a level of 6-10 ng/dl for months 4 to
12. After the first year, we reduce tacrolimus dosing aiming to achieve maintenance levels of
of 4-6 ng/dl. For cyclosporine, a 12 hour trough of 250-350 mg/dl are maintained for the first
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6.4. Metabolism of CNIs and major drug interactions

Both tacrolimus and cyclosporine are metabolized by cytochrome P450 (CYP3a) enzymes that
are located in the GI tract and liver. Both drugs are excreted in bile so dosage adjustment is
not needed in renal insufficiency. Many medications are metabolized by P450 system and
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Specific blood pressure medications, antibiotics, anti-fungals, anti-convulsants and HIV
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Agents that are not often considered in practice, but having an effect on CNI include, steroids
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cholestyramine and sevelamer which can bind CNIs and prevent absorption leading to sub
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most potent blocker of CYP3A, and is dosed once to twice a week as opposed to the normal
twice a day dosing.
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Basic studies do demonstrate that excess production of fibrosing cytokines like transforming
growth factor beta (TGF-β) is in part driven by CNI direct role on renin secretion in the kidney.
[27] The development of calcineurin minimization and withdrawal protocols as well as the
development of new maintenance agents are an attempt to prevent/minimize CNI nephro‐
toxicity and its impact on long-term allograft survival.

Other adverse renal manifestations of CNIs include thrombotic microangiopathy, which
presents with renal dysfunction, microangiopathic hemolytic anemia and thrombocytopenia.
CNI can also cause isolated tubular toxicity which manifests in many forms of electrolyte
disturbances. The most prominent and clinically significant of these are renal tubular acidosis
(RTA) type 4 (typically associated with metabolic acidosis and hyperkalemia) and hypomag‐
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nesemia. Proposed mechanisms mediating this effect includes, decreased aldosterone pro‐
duction secondary to cyclosporine, as well as decreased transcription and expression of
mineralocorticoid receptor due to prograf.

Since calcineurin is a ubiquitous enzyme, there are other non-renal toxicities associated with
CNI use. Tacrolimus is associated with neurotocity, GI side effects and pancreatic islet toxicity.
Neurotoxicity can be as benign as tremors, but in some cases can be quite severe and lead to
seizures and altered mental status. Finally, Tacrolimus use has been associated with posterior
reversible encephalopathy syndrome (PRES) which can present with various neurological
manifestations.[28] Another important clinical issue is the development of new onset post-
transplant diabetes, or worsening diabetes post-transplant, particularly with tacrolimus.
Neuro and pancreatic toxicity of tacrolimus are clinically handled by either dose reduction or
conversion to cyclosporine. Cyclosporine use however can cause gingival hyperplasia,
hirsutism, hypercholesterolemia, hypertension, salt retention and an increased incidence of
gout. Both CNIs have been linked to increased risk of infectious complications as well as post
transplant malignancies. Differences in adverse effects among the CNIs as well as other
maintenance agents are shown in Table 3.

The current challenge is to mitigate the side effects of CNIs without sacrificing overall graft
outcomes. Several novel protocols are recently designed and studied to overcome CNI toxicity.
We have summarized these in the section of new evolving protocols.

6.6. Mycophenolate mofetil

Mycophenolate mofetil (MMF) is a maintenance immunosuppressant used often in combina‐
tion with CNIs and steroids. MMF was introduced in 1995 and has largely replaced azathio‐
prine in transplantation, as clinical trials showed superiority of MMF when compared to
azathioprine. [29] Based on a recent SRTR report in 2009, MMF was part of the initial mainte‐
nance regimen in 89.9% of kidney transplant recipients.

6.7. Mechanism of action

Mycophenolate mofetil is an inactive prodrug with mycophenolic acid (MPA) being its active
component. The mofetil entity significantly increases bioavailability of MPA. There is an
enteric coated form of MPA also available for use that may be better tolerated in some patients.
MPA is a selective, reversible inhibitor of inosine monophosphate dehydrogenase (IMPDH)
which is the rate-limiting enzyme in the denovo synthesis of purines. T- and B-lymphocytes
are more dependent on this pathway than other cell types for proliferation since they do not
have a salvage pathway for purine synthesis. Moreover, MPA is a more potent inhibitor of the
type II isoform of IMPDH, which is predominatly expressed in activated lymphocytes.

6.8. Clinical use

MMF was initially approved for standard dose administration of 1 gram twice daily in adult
kidney transplant recipients. Therapeutic drug monitoring for MMF/MPA is not performed
routinely since several factors can impact the MPA AUC (detailed in the section below). Recent
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studies however have shown an association between MPA exposure and clinical outcomes
(rejection and toxicity) and therapeutic drug monitoring (TDM) in certain circumstances may
be warranted. [30] [31] The APOMYGRE study has shown decreased incidence of acute
rejection with individualized MMF dosing based on drug exposure. [32]

When a serious infection develops, MMF or MPA is typically held since the drug’s impact on
lymphocyte proliferation is reversible and the immunosuppressive effects disappear within a
few days. Intravenous formulations are available for MMF and intravenous dosing is the same
as oral dosing with 1:1 conversion. Dose adjustment is not necessary in renal insufficiency.
These drugs are not dialyzable. Use of MMF in pregnancy is contraindicated since it is
associated with congenital malformations in the fetus especially facial abnormalities.[33]
Mycophenolate should be discontinued before planned pregnancy in both male and female
transplant recipients.

6.9. MMF exposure and metabolism

Mycophenolate moefetil is rapidly absorbed and hydrolysed to yield the active component
MPA mainly in the liver, which is detectable in peripheral blood within 1-2 hours. MPA is then
converted to 7-0-MPA glucuronide also referred to as MPAG (an inactive metabolite) by UDP-
glucuronosyl transferase (UDPGT) in the liver and intestine. MPAG is excreted through the bile
and urine. Both MPA and MPAG are protein bound. So factors such as low albumin concentra‐
tion and high urea levels can decrease protein binding and lead to rapid clearance of the drug.
MPAG accumulation in renal failure displaces MPA from protein binding and can lead to an in‐
crease in the free fraction of the drug. Once MPAG is excreted in the bile it can be converted back
to MPA by bacterial glucuronidases and lead to increased levels of MPA (enterohepatic recircu‐
lation). This leads to a second peak in the drug concentration 6 to 12 hours after administration
which contributes to more than 30% of the area under the curve. Cyclosporine leads to inhibi‐
tion of this second peak by blocking the transporters involved in biliary excretion of MPAG. So
typically patients on cyclosporine need higher doses of MMF or MPA compared to patients on
tacrolimus. Antibiotic therapy is also known to have a similar impact by inhibiting bacterial
proliferation in the gut and hence inhibiting enterohepatic recirculation.

There is no significant drug interaction with medications that induce or block the CYP3A
pathway. When used in combination with sirolimus both agents can lead to cytopenias.
Generally co administration with antacids and cholestyramine should be avoided as they
interfere with absorption of MMF.

6.10. Toxicity

The main dose limiting toxicity of MMF or enteric coated MPA is related to gastrointestinal
(GI) side effects. More than one third of patients develop diarrhea and in addition some
patients have nonspecific GI intolerance in the form of dyspepsia, nausea and vomiting.
Indeed, there is evidence demonstrating a correlation between drug exposure and GI toxicity.
[31] Most of these side effects are handled with either dose reduction or splitting the dose into
3 to 4 divided doses. Although patients may tolerate enteric coated MPA better, studies
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are more dependent on this pathway than other cell types for proliferation since they do not
have a salvage pathway for purine synthesis. Moreover, MPA is a more potent inhibitor of the
type II isoform of IMPDH, which is predominatly expressed in activated lymphocytes.

6.8. Clinical use

MMF was initially approved for standard dose administration of 1 gram twice daily in adult
kidney transplant recipients. Therapeutic drug monitoring for MMF/MPA is not performed
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glucuronosyl transferase (UDPGT) in the liver and intestine. MPAG is excreted through the bile
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typically patients on cyclosporine need higher doses of MMF or MPA compared to patients on
tacrolimus. Antibiotic therapy is also known to have a similar impact by inhibiting bacterial
proliferation in the gut and hence inhibiting enterohepatic recirculation.

There is no significant drug interaction with medications that induce or block the CYP3A
pathway. When used in combination with sirolimus both agents can lead to cytopenias.
Generally co administration with antacids and cholestyramine should be avoided as they
interfere with absorption of MMF.

6.10. Toxicity

The main dose limiting toxicity of MMF or enteric coated MPA is related to gastrointestinal
(GI) side effects. More than one third of patients develop diarrhea and in addition some
patients have nonspecific GI intolerance in the form of dyspepsia, nausea and vomiting.
Indeed, there is evidence demonstrating a correlation between drug exposure and GI toxicity.
[31] Most of these side effects are handled with either dose reduction or splitting the dose into
3 to 4 divided doses. Although patients may tolerate enteric coated MPA better, studies
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curiously do not demonstrate major differences in the GI side effect profile of MMF and enteric
coated MPA. [34]

Another major side effect of these preparations is bone marrow suppression mainly manifest‐
ing with leucopenia. Typically the dose of MMF is reduced based on the severity of leucopenia.
There appears to be a correlation between the incidence of leucopenia and drug exposure. [31]
Anemia and thrombocytopenia can occur as well.

6.11. Azathioprine

Azathioprine (Imuran) has been in use in transplantation for more than three decades. With
introduction of CNIs and MMF, many centers have moved away from using azathioprine as
a first line maintenance agent. SRTR reports from 2009 demonstrate that only 0.6% of the
kidney transplant recipients were on Azathioprine. It is commonly used now primarily in
patients who are intolerant to MMF. Usual daily dose administered is 2-3 mg/kg once daily.

6.12. Mechanism of action, metabolism and major drug interactions

Azathioprine is an antimetabolite a derivative of 6-mercaptopurine. It gets incorporated into
cellular deoxyribonucleic acid (DNA). Once incorporated into DNA it interferes with tran‐
scription, purine and ribonucleic acid (RNA) synthesis which are important for T cell activa‐
tion. Azathioprine is metabolized by xanthine oxidase inhibitor to 6–thiouric acid. Hence
allopurinol which is a xanthine oxidase inhibitor should be used with great caution with
azathioprine as it can lead to significant toxicity. Typically the dose of azathioprine is reduced
when used in combination with allopurinol.

6.13. Adverse drug reactions

The single most severe toxicity of azathioprine is related to suppression of bone marrow.
Patients can develop profound leucopenia and thrombocytopenia. It is recommended to
monitor white count and platelet count carefully every 2 weeks at initiation. The dose of the
drug will need to be decreased if leucopenia occurs and severe leucopenia might necessitate
discontinuation of the drug. Cholestasis, hepatic veno occlusive disease, hepatitis and rare
cases of pancreatitis have been described with azathioprine use.

6.14. Sirolimus

Sirolimus (Rapamycin) was introduced to transplantation in the late 1990s. It has antitumor,
antiproliferative and immunosuppressive actions. Sirolimus plays a key role in immunosup‐
pression especially as an alternative to CNIs to minimize long term CNI induced nephrotox‐
icity. SRTR database reported that the use of sirolimus as part of initial maintenance regimen
peaked in 2001; however it gradually declined to only 3% of kidney transplant recipients
receiving it in 2009. In the same report at 1 year post transplantation, 6.5% of recipients were
receiving sirolimus. The declining use of sirolimus can be attributed to the side effects
encountered with medication usage.
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The unique antitumoral properties of sirolimus, however, make it an attractive option for im‐
munosuppression in patients with post transplant malignancies. Recent study reported by Eu‐
vrard et al (Tumorapa study) has shown that sirolimus conversion has provided protection
against recurrence of skin cancers in patients with squamous cell carcinomas of the skin post
transplant. [35]

6.15. Mechanism of action

Similar to CNIs sirolimus binds to cytoplasmic protein FKBP-12 to mediate its action. The
sirolimus/FKBP-12 complex then inhibits mTOR (mammalian target of rapamune). This en‐
zyme is a kinase that plays a key role in cell cycle progression (G1-S transition). Blocking
mTOR has a profound effect on inhibiting T-cell proliferation and expansion. mTOR is ex‐
pressed ubiquitously so the antiproliferative effects of sirolimus is not limited to lympho‐
cytes and attributes to several adverse effects of the drug which are detailed below.

The anti-tumor effect of sirolimus is mediated by inhibiting the PI3K-AKT pathway which
plays a critical role in cell proliferation, survival, migration and angiogenesis. [36] In addi‐
tion it inhibits growth of endothelial cells and tumor angiogenesis by interfering with syn‐
thesis of vascular endothelial growth factor.

6.16. Clinical use

Sirolimus has a long half life of 60 to 70 hours so consideration is needed when initiating the
drug or making dose adjustments. Usually patients receive a loading dose of 3-15mg fol‐
lowed by once daily dosing of 1-5mg per day. The loading and maintenance dose are gener‐
ally determined by patient weight and immunologic risk. The dose is then adjusted based
on drug levels. Therapeutic drug monitoring is routinely used with sirolimus. It is recom‐
mended to check 24 hour trough levels several days after initiation or dosage adjustment of
sirolimus since it takes longer to achieve a steady state.

The drug is available as oral tablet at 0.5mg, 1mg and 2mgs dose. In addition there is also liquid
formulation with strength of 1mg/ml. It is metabolized by CYP3A and hence dose needs to be
adjusted in liver disease, but not in renal impairment.

6.17. Metabolism and drug interactions

As both sirolimus and CNIs are metabolized by CYP3A enzyme pathway, concomitant use of
both agents can increase exposure to sirolimus 2 to 3 fold. It is generally recommended that
sirolimus be administered a few hours after CNI dosing. Similar to CNIs, it interacts with drugs
that induce and block the CYP3A pathway. Sirolimus is not renally excreted so dose adjust‐
ment is not needed in renal failure. However dose adjustment is recommended in patients
with hepatic dysfunction.

6.18. Adverse reactions

Sirolimus is considered to be less nephrotoxic than CNIs, however there are some unique renal
side effects related to its use. Sirolimus potentiates CNI nephrotoxicity and can be tubulotoxic
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leading to hypomagnesemia and hypokalemia. De novo development of proteinuria, or
exaggeration of preexisting proteinura is seen with conversion to sirolimus.[37] Use of
sirolimus is in fact contraindicated if patient has 24 hour urine protein exceeding 1 gram/day.
Sirolimus has been reported to have a direct toxic effect on podocytes. [38] [39] Sirolimus
associated cast nephropathy has been reported as well. [40] Thrombotic microangiopathy has
also been observed with sirolimus use, likely mediated by its inhibition of VEGF pathway. [41]
The discontinuation rate of Sirolimus was as high as 30% in clinical studies due to adverse
reactions. [42-44]

Use of sirolimus is not recommended immediately after transplant surgery as sirolimus
impairs wound healing (by inhibiting fibroblast proliferation). Sirolimus can increase the risk
of lymphocele formation and is also associated with prolonged recovery from delayed graft
function. [45]. Due to its effects on tissue repair, sirolimus is generally stopped few weeks prior
to any anticipated elective surgery. Metabolic side effects of sirolimus include hyperlipidemia
and hyperglycemia. Sirolimus use is also associated with non-infectious atypical pneumonitis.
Bactrim is typically prescribed for one year as there are studies observing fatal pneumocystis
pneumonia with sirolimus use. Sirolimus also suppresses bone marrow leading to cytopenias.
Cell counts should be closely monitored especially when used in combination with MMF.
Patients also can develop oral ulcers with this agent.
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6.19. Everolimus

There are recent studies on use of everolimus in kidney transplant recipients. [46] It is similar
to sirolimus in terms of mechanism of action and side effect profile. The only major difference
from sirolimus is its shorter half life.

6.20. Corticosteroids

Since the early 1960’s, corticosteroids were used in kidney transplantation both as maintenance
agents and to treat acute rejections. [47-49]. Corticosteroids down-regulate cytokine gene
expression through interference with transcription. Since they are lipophilic they first trans‐
locate into cytoplasm and bind to receptors. The steroid –receptor complex then translocates
to the nucleus to bind to glucocorticoid responsive elements on DNA to regulate transcription.
By dampening cytokine production they blunt the immune response generated by T cells.
Long-term steroid use is associated with several adverse effects including hypertension, new
onset diabetes after transplantation, osteoporosis, fractures, hyperlipidemia, growth retarda‐
tion, weight gain, avascular necrosis, cataracts, cosmetic changes, depression, and psychotic
behavior. With the advent of potent maintenance and induction agents the transplant com‐
munity is now moving more and more towards steroid sparing strategies.

6.21. Leflunomide

Leflunomide is used for maintenance immunousppression especially in patients with BK
nephropathy. [50, 51] It has both imunosuppressive properties and antiviral activity against
BK. It blocks pyramidine synthesis in lymphocytes. The common adverse effects with its use
are GI toxicity and neuropathy. There are no major drug interactions with leflunomide.

7. Alternative maintenance regimens

Different immunosuppressive strategies and protocols have evolved over time to address
several major concerns with maintenance regimens. Major concerns include the long term side
effects of chronic steroid use, as well as long term calcineurin nephrotoxicity which contribute
to decreased long-term graft survival. Protocols that have been studied and published include
steroid withdrawal and avoidance, as well as studies where calcineurin use is avoided,
minimized or replaced with other agents.

7.1. Steroid withdrawal/avoidance (SAW)

Steroid withdrawal typically involves discontinuing steroids several months post transplan‐
tation whereas steroid avoidance involves no corticosteroid maintenance at all and only a brief
exposure to steroids in the immediate post operative period. Studies demonstrate that early
steroid withdrawal is safer than late withdrawal as late withdrawal was associated with
increased risk of acute rejections. [52, 53] A recent meta-analysis of 34 randomized controlled
studies using SAW regimens published by Knight et al concluded that SAW is associated with
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Bactrim is typically prescribed for one year as there are studies observing fatal pneumocystis
pneumonia with sirolimus use. Sirolimus also suppresses bone marrow leading to cytopenias.
Cell counts should be closely monitored especially when used in combination with MMF.
Patients also can develop oral ulcers with this agent.
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to sirolimus in terms of mechanism of action and side effect profile. The only major difference
from sirolimus is its shorter half life.

6.20. Corticosteroids

Since the early 1960’s, corticosteroids were used in kidney transplantation both as maintenance
agents and to treat acute rejections. [47-49]. Corticosteroids down-regulate cytokine gene
expression through interference with transcription. Since they are lipophilic they first trans‐
locate into cytoplasm and bind to receptors. The steroid –receptor complex then translocates
to the nucleus to bind to glucocorticoid responsive elements on DNA to regulate transcription.
By dampening cytokine production they blunt the immune response generated by T cells.
Long-term steroid use is associated with several adverse effects including hypertension, new
onset diabetes after transplantation, osteoporosis, fractures, hyperlipidemia, growth retarda‐
tion, weight gain, avascular necrosis, cataracts, cosmetic changes, depression, and psychotic
behavior. With the advent of potent maintenance and induction agents the transplant com‐
munity is now moving more and more towards steroid sparing strategies.

6.21. Leflunomide

Leflunomide is used for maintenance immunousppression especially in patients with BK
nephropathy. [50, 51] It has both imunosuppressive properties and antiviral activity against
BK. It blocks pyramidine synthesis in lymphocytes. The common adverse effects with its use
are GI toxicity and neuropathy. There are no major drug interactions with leflunomide.

7. Alternative maintenance regimens

Different immunosuppressive strategies and protocols have evolved over time to address
several major concerns with maintenance regimens. Major concerns include the long term side
effects of chronic steroid use, as well as long term calcineurin nephrotoxicity which contribute
to decreased long-term graft survival. Protocols that have been studied and published include
steroid withdrawal and avoidance, as well as studies where calcineurin use is avoided,
minimized or replaced with other agents.

7.1. Steroid withdrawal/avoidance (SAW)

Steroid withdrawal typically involves discontinuing steroids several months post transplan‐
tation whereas steroid avoidance involves no corticosteroid maintenance at all and only a brief
exposure to steroids in the immediate post operative period. Studies demonstrate that early
steroid withdrawal is safer than late withdrawal as late withdrawal was associated with
increased risk of acute rejections. [52, 53] A recent meta-analysis of 34 randomized controlled
studies using SAW regimens published by Knight et al concluded that SAW is associated with
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increased risk of acute rejection, however this did not impact long term patient or graft
survival. [54] There is a more favorable cardiovascular profile with SAW most likely secondary
to decreased incidence of hypertension, new onset diabetes and dyslipidemia. As many studies
have shown increased risk of acute rejections with SAW it is generally implemented with
caution in high immunologic risk recipients (high PRA, repeat transplants, young African
American recipients, patients with prior rejections and/or unstable graft function). With use
of more potent induction regimens more US centers are currently implementing SAW in
immunologically low risk recipients.

7.2. Calcineurin inhibitor avoidance/minimization/withdrawal

Several studies have looked at minimizing exposure to CNIs to over come nephrotoxicity.
Complete calcineurin avoidance with de novo use of sirolimus has not been successful and
was associated with higher incidence of rejections and graft loss. [43]. Due to this, more centers
and studies have favored calcineurin minimization and withdrawal (at 3 to 6 months post
transplant) as opposed to complete avoidance. The ELITE-symphony trial was a land mark
trial comparing different regimens of calcineurin minimization and withdrawal demonstrat‐
ing better allograft outcomes at three years of follow up in patients on low dose tacrolimus (in
addition to steroids and MMF) than standard dose cyclosporine, reduced dose cyclosporine
or low dose sirolimus as primary maintenance agent. [44] A recent meta-analysis evaluating
calcineurin minimization strategies concluded that calcineurin minimization decreases rates
of graft failure, incidence of delayed graft function, and new onset diabetes post transplant
while avoiding an increased risk of acute rejection. [55].

8. Antirejection therapies

Rejection is a common problem with renal allografts, and can be of cellular (lymphocyte) and/
or humoral (circulating antibody) origin. It is well known that if acute rejection is left untreated,
eventually graft failure ensues. Rejection can be acute or subclinical. Acute rejection is clinically
evident and often presents as a decline in kidney function associated with a rise in creatinine
and classic histologic changes seen on renal biopsy. On the other hand, subclinical rejection is
subtle; where histologic changes of rejection may be present in grafts that otherwise appear to
have stable renal function. Immunosuppressive management for subclinical rejection has not
been well delineated. [56-58] Finally, rejection may be mixed and have both cellular and
humoral components.

Overall the incidence of acute rejection post-transplant has decreased. However, survival of
allografts has not increased to the extent predicted, mostly due to the universal development
of chronic allograft dysfunction and late graft loss. Chronic allo-immune injury has been
recognized as a major contributor to late graft loss and can present early on in transplantation
as demonstrated by several protocol biopsy studies. [59, 60] Compared to cell-mediated
rejections, humoral rejection and chronic rejection can be challenging to treat. In addition, the
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optimal treatments for humoral rejection, subclinical rejection and chronic rejection have yet
to be defined by the transplant community..

8.1. Treatment of cellular rejection

Acute cellular rejection is a T-cell–mediated process, is usually easy to treat, and responds well
to therapy. T-cell directed induction therapies, and calcineurin maintenance has substantially
decreased the overall incidence of cell-mediated acute rejections. Low grade cellular rejection
with out vascular involvement is treated with high dose, intravenous steroids. The dose and
duration of treatment with corticosteroids has not been well defined by studies, and is often
left to physician discretion. Thymoglobulin in combination with steroids is used to treat severe
and high grade acute cellular rejections with a vascular component. Although Thymoglobulin
is most widely used for high grade cellular rejections, there are small case series and small
studies that favor the use of alemtuzumab for treatment of cellular rejections. [61]

8.2. Treatment of humoral rejection

Humoral rejection mediated by alloreactive B-cells, alloantibodies and complement are more
challenging to treat. Humoral rejection is often refractory to treatment and continues to be a
significant problem in transplantation due to difficulties in establishing a consensus for safe
optimal treatments directed against allosensitization and alloantibody production. Humoral
responses also greatly contribute to late acute graft losses and the development of chronic
rejection. [62] Humoral rejection has been linked to the presence of donor specific antibody
and activation of complement resulting in C4d deposits in renal tissue. Therapeutic strategies
have been aimed both at removing alloantibodies as well as decreasing alloantibody produc‐
tion by impairing and/or depleting B-cells. [63, 64]

The best known treatment algorithms to treat antibody mediated rejection include combina‐
tions of plasma exchange to remove donor-specific antibody, and/or intravenous immuno‐
globulins and the anti-CD20 monoclonal antibody (rituximab) to suppress donor-specific
antibody production. [65, 66] There are no randomized controlled trials powered to show
efficacy or safety of potential different combinations of these different therapeutic strategies.
Some side effects of plasmapheresis include hypotension, citrate induced hypocalcemia,
complications with access placement, and infections due to removal of immunoglobulins.
Adverse reactions of IVIG include anaphylactoid reactions, fevers, chills, flushing, myalgias,
malaise, headache, nausea, vomiting, dilutional hyponatremia, pseudohyponatremia, hemol‐
ysis and neutropenia. See previous section on Rituximab for side effects.

Bortezomib continues to be a promising agent for acute humoral rejection because of its ability
to target multiple pathways involved in B-cell activation and antibody production and its
direct activity against CD138+ long lived plasma cells that exist in survival niches such as the
bone marrow and spleen. [67] These cells, primarily responsible for producing high affinity
alloantibody, are not targeted by Rituximab, the current mainstay treatment for humoral
rejection. [68, 69] Initial reports on Bortezomib were in patients with AMR that were refractory
to traditional anti-humoral therapies, but recent reports show that Bortezomib can be used as
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increased risk of acute rejection, however this did not impact long term patient or graft
survival. [54] There is a more favorable cardiovascular profile with SAW most likely secondary
to decreased incidence of hypertension, new onset diabetes and dyslipidemia. As many studies
have shown increased risk of acute rejections with SAW it is generally implemented with
caution in high immunologic risk recipients (high PRA, repeat transplants, young African
American recipients, patients with prior rejections and/or unstable graft function). With use
of more potent induction regimens more US centers are currently implementing SAW in
immunologically low risk recipients.

7.2. Calcineurin inhibitor avoidance/minimization/withdrawal

Several studies have looked at minimizing exposure to CNIs to over come nephrotoxicity.
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was associated with higher incidence of rejections and graft loss. [43]. Due to this, more centers
and studies have favored calcineurin minimization and withdrawal (at 3 to 6 months post
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addition to steroids and MMF) than standard dose cyclosporine, reduced dose cyclosporine
or low dose sirolimus as primary maintenance agent. [44] A recent meta-analysis evaluating
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while avoiding an increased risk of acute rejection. [55].
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Rejection is a common problem with renal allografts, and can be of cellular (lymphocyte) and/
or humoral (circulating antibody) origin. It is well known that if acute rejection is left untreated,
eventually graft failure ensues. Rejection can be acute or subclinical. Acute rejection is clinically
evident and often presents as a decline in kidney function associated with a rise in creatinine
and classic histologic changes seen on renal biopsy. On the other hand, subclinical rejection is
subtle; where histologic changes of rejection may be present in grafts that otherwise appear to
have stable renal function. Immunosuppressive management for subclinical rejection has not
been well delineated. [56-58] Finally, rejection may be mixed and have both cellular and
humoral components.

Overall the incidence of acute rejection post-transplant has decreased. However, survival of
allografts has not increased to the extent predicted, mostly due to the universal development
of chronic allograft dysfunction and late graft loss. Chronic allo-immune injury has been
recognized as a major contributor to late graft loss and can present early on in transplantation
as demonstrated by several protocol biopsy studies. [59, 60] Compared to cell-mediated
rejections, humoral rejection and chronic rejection can be challenging to treat. In addition, the
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optimal treatments for humoral rejection, subclinical rejection and chronic rejection have yet
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to therapy. T-cell directed induction therapies, and calcineurin maintenance has substantially
decreased the overall incidence of cell-mediated acute rejections. Low grade cellular rejection
with out vascular involvement is treated with high dose, intravenous steroids. The dose and
duration of treatment with corticosteroids has not been well defined by studies, and is often
left to physician discretion. Thymoglobulin in combination with steroids is used to treat severe
and high grade acute cellular rejections with a vascular component. Although Thymoglobulin
is most widely used for high grade cellular rejections, there are small case series and small
studies that favor the use of alemtuzumab for treatment of cellular rejections. [61]
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Humoral rejection mediated by alloreactive B-cells, alloantibodies and complement are more
challenging to treat. Humoral rejection is often refractory to treatment and continues to be a
significant problem in transplantation due to difficulties in establishing a consensus for safe
optimal treatments directed against allosensitization and alloantibody production. Humoral
responses also greatly contribute to late acute graft losses and the development of chronic
rejection. [62] Humoral rejection has been linked to the presence of donor specific antibody
and activation of complement resulting in C4d deposits in renal tissue. Therapeutic strategies
have been aimed both at removing alloantibodies as well as decreasing alloantibody produc‐
tion by impairing and/or depleting B-cells. [63, 64]

The best known treatment algorithms to treat antibody mediated rejection include combina‐
tions of plasma exchange to remove donor-specific antibody, and/or intravenous immuno‐
globulins and the anti-CD20 monoclonal antibody (rituximab) to suppress donor-specific
antibody production. [65, 66] There are no randomized controlled trials powered to show
efficacy or safety of potential different combinations of these different therapeutic strategies.
Some side effects of plasmapheresis include hypotension, citrate induced hypocalcemia,
complications with access placement, and infections due to removal of immunoglobulins.
Adverse reactions of IVIG include anaphylactoid reactions, fevers, chills, flushing, myalgias,
malaise, headache, nausea, vomiting, dilutional hyponatremia, pseudohyponatremia, hemol‐
ysis and neutropenia. See previous section on Rituximab for side effects.

Bortezomib continues to be a promising agent for acute humoral rejection because of its ability
to target multiple pathways involved in B-cell activation and antibody production and its
direct activity against CD138+ long lived plasma cells that exist in survival niches such as the
bone marrow and spleen. [67] These cells, primarily responsible for producing high affinity
alloantibody, are not targeted by Rituximab, the current mainstay treatment for humoral
rejection. [68, 69] Initial reports on Bortezomib were in patients with AMR that were refractory
to traditional anti-humoral therapies, but recent reports show that Bortezomib can be used as
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primary therapy for AMR. [70] In terms of its ability to decrease the levels of donor specific
antibodies in sensitized patients and patients with AMR, studies have provided mixed results.
[71, 72] Part of this may be secondary to differing conditioning regimens that accompany the
use of Bortezomib. Another important finding reported by two studies is the differential
responses of early versus late AMR after treatment with Bortezomib, with early AMR re‐
sponding much better than late. [25]

8.3. Treatment of mixed rejection

Rejection may be mixed and have both cellular and humoral components. To date, there are no
randomized control studies evaluating different therapies for the treatment of mixed rejection.
Case series and small studies suggest that choosing a biologic agent that has activity against
both T-cell and B-cell activity would be more favorable. Agents that have broad based activity
such as Campath or Bortezomib may be better choices, than T-cell directed agents such as
rATG. Plasmapharesis and IVIG may also be added therapies, especially if there is the presence
of circulating donor specific antibody. Unfortunately, trials evaluating different combinations
of these therapies or head to head comparison of these biologic agents do not exist.

9. Novel immunosuppressive agents

Given substantially decreased rates of acute rejection secondary to potent induction agents
and CNI based maintenance regimens, the focus has shifted away from acute rejection to
preserving grafts for the long-term. However, many studies are still focused on short term
outcomes and there are very few studies looking at which drugs or combinations thereof offer
better long term graft function.

Long term graft preservation may be particularly challenging given the nephrotoxic effects of
CNIs on allografts. To address this issue, a number of novel agents are undergoing trials
currently as a replacement to CNIs. [73] Several biologic agents and fusion proteins have
emerged and unfortunately many of these agents have been discarded after preliminary trials
due to their toxicity. In addition there are several trials focusing on tolerogenic protocols to
avoid use of long term immunosuppression. Table 4 below summarizes the new agents that
are currently undergoing clinical trials. Belatacept discussed below, is a newer biologic agent
that has been studied the most extensively.

9.1. Belatacept

Belatacept is a recombinant fusion protein with an extracellular domain that consists of hu‐
man cytotoxic T lymphocyte antigen-4 (CTLA-4) and the Fc fragment of human IgG. The fu‐
sion protein Belatacept (CTLA-4Ig) blocks the interaction of CD80/86 present on antigen
presenting cells (APC), with the CD28 receptor expressed on T cells. CD80/86 are costimula‐
tory molecules that are necessary for providing costimulation and full activation of T-cells, a
requirement for T-cell cytokine production and expansion. The most exciting feature of
CTLA4Ig is its known ability to generate immune tolerance particularly in animal models of
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transplantation and autoimmunity. [74, 75] Whether tolerance can be generated in vivo in
humans, however remains to be seen.
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Table 4. Novel Immunosuppressive Agents

Belatacept is a relatively new agent used in human transplantation with the first report of its
use in human renal transplantation in 2005. The focus of clinical investigative trials utilizing
belatacept was to provide a new effective maintenance regimen that would allow for the
avoidance of the renal and metabolic side effects of chronic CNI use. Studies such as the
BENEFIT and BENEFIT-EXT trials demonstrate its efficacy as a maintenance agent in place of
calcineurin inhibitors. [76] The three year follow up data of BENEFIT where belatacept was
compared to cyclosporine concluded that patient and graft survival were comparable with
better GFR in the belatacept arm. There was however increased incidence of acute rejection
and early post transplant lymphoproliferative disease in the belatacept group (especially in
EBV sero negative patients). For this reason, belatacept use is approved only for patients who
are EBV seropositive. The cost and long term need for intravenous administration of the drug
appear to be major obstacles for wide spread use of belatacept. Nevertheless, it still provides
a valuable alternative to long term CNI use.

10. Conclusion

Establishing optimal immunosuppressive regimens involves maintaining a delicate balance
between over-immunosuppression which increases infection risk and under-immunosup‐
pression which increases risk of allograft rejection. Use of potent induction agents and main‐
tenance therapies that include CNI has led to dramatic decrease in the incidence of acute
rejection episodes in the immediate post transplantation period. However, late allograft loss
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primary therapy for AMR. [70] In terms of its ability to decrease the levels of donor specific
antibodies in sensitized patients and patients with AMR, studies have provided mixed results.
[71, 72] Part of this may be secondary to differing conditioning regimens that accompany the
use of Bortezomib. Another important finding reported by two studies is the differential
responses of early versus late AMR after treatment with Bortezomib, with early AMR re‐
sponding much better than late. [25]
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rATG. Plasmapharesis and IVIG may also be added therapies, especially if there is the presence
of circulating donor specific antibody. Unfortunately, trials evaluating different combinations
of these therapies or head to head comparison of these biologic agents do not exist.

9. Novel immunosuppressive agents

Given substantially decreased rates of acute rejection secondary to potent induction agents
and CNI based maintenance regimens, the focus has shifted away from acute rejection to
preserving grafts for the long-term. However, many studies are still focused on short term
outcomes and there are very few studies looking at which drugs or combinations thereof offer
better long term graft function.

Long term graft preservation may be particularly challenging given the nephrotoxic effects of
CNIs on allografts. To address this issue, a number of novel agents are undergoing trials
currently as a replacement to CNIs. [73] Several biologic agents and fusion proteins have
emerged and unfortunately many of these agents have been discarded after preliminary trials
due to their toxicity. In addition there are several trials focusing on tolerogenic protocols to
avoid use of long term immunosuppression. Table 4 below summarizes the new agents that
are currently undergoing clinical trials. Belatacept discussed below, is a newer biologic agent
that has been studied the most extensively.

9.1. Belatacept

Belatacept is a recombinant fusion protein with an extracellular domain that consists of hu‐
man cytotoxic T lymphocyte antigen-4 (CTLA-4) and the Fc fragment of human IgG. The fu‐
sion protein Belatacept (CTLA-4Ig) blocks the interaction of CD80/86 present on antigen
presenting cells (APC), with the CD28 receptor expressed on T cells. CD80/86 are costimula‐
tory molecules that are necessary for providing costimulation and full activation of T-cells, a
requirement for T-cell cytokine production and expansion. The most exciting feature of
CTLA4Ig is its known ability to generate immune tolerance particularly in animal models of
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transplantation and autoimmunity. [74, 75] Whether tolerance can be generated in vivo in
humans, however remains to be seen.
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Belatacept is a relatively new agent used in human transplantation with the first report of its
use in human renal transplantation in 2005. The focus of clinical investigative trials utilizing
belatacept was to provide a new effective maintenance regimen that would allow for the
avoidance of the renal and metabolic side effects of chronic CNI use. Studies such as the
BENEFIT and BENEFIT-EXT trials demonstrate its efficacy as a maintenance agent in place of
calcineurin inhibitors. [76] The three year follow up data of BENEFIT where belatacept was
compared to cyclosporine concluded that patient and graft survival were comparable with
better GFR in the belatacept arm. There was however increased incidence of acute rejection
and early post transplant lymphoproliferative disease in the belatacept group (especially in
EBV sero negative patients). For this reason, belatacept use is approved only for patients who
are EBV seropositive. The cost and long term need for intravenous administration of the drug
appear to be major obstacles for wide spread use of belatacept. Nevertheless, it still provides
a valuable alternative to long term CNI use.

10. Conclusion

Establishing optimal immunosuppressive regimens involves maintaining a delicate balance
between over-immunosuppression which increases infection risk and under-immunosup‐
pression which increases risk of allograft rejection. Use of potent induction agents and main‐
tenance therapies that include CNI has led to dramatic decrease in the incidence of acute
rejection episodes in the immediate post transplantation period. However, late allograft loss
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and long-term graft survival are problems that persist despite better immunosuppression.
Chronic CNI toxicity, humoral rejection and the development of chronic alloreactivity to do‐
nor allograft tissue are major contributing factors to late graft loss.

One challenge with current maintenance regimens is the toxicity related to long term CNI
use. Steroid avoidance/withdrawal protocols continue to be evaluated and are being imple‐
mented successfully at some centers. Rapamune has been studied in several trials as a CNI
sparing agent, but has not gained wide acceptance due to its side effect profile. The predom‐
inant trend in recent clinical trials is to find a long term alternative agent to replace CNI. Be‐
latacept was recently approved by the FDA for use as maintenance agent and appears to be
a promising alternative to long term CNI use. However, the majority of centers lack experi‐
ence with belatacept and long term outcome data is lacking.

Other challenges include the rising percentage of sensitized patients on the transplant wait
list. Strategies to offer transplantation to these highly sensitized recipients include transplan‐
tation against a positive cross match donor, paired kidney exchange and aggressive desensi‐
tization to lower alloantibody titers. Immunosuppressive protocols aimed at successfully
transplanting sensitized recipients continue to be investigated as these patients present a
special immunologic challenge. Sensitized patients are at increased risk of developing anti‐
body mediated rejection and earlier graft loss post-transplant. Several new agents like borte‐
zomib and eculizumab are currently being tested in these patients.

Finally, the optimal immunosuppressive strategy would ideally be one which promotes the
development of tolerance to alloantigens such that immunosuppression can be withdrawn
successfully. The development of tolerance is certainly possible as the literature supports in‐
cidental cases of operational tolerance, where recipients are on minimal or no immunosup‐
pression without evidence of allograft rejection. Currently, the majority of patients will
require life long immunosuppressive therapy. Basic mechanisms promoting tolerance are
being investigated with the hope that new medications or tolerogenic protocols may be im‐
plemented in the near future.
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1. Introduction

Hepatitis C is one of the commonest chronic viral infections world-wide and has major health‐
care implications. According to World Health Organization (WHO), the estimated prevalence
of chronic HCV infection world-wide ranges from 0.1% to more than 12%, equating to approxi‐
mately 170 million chronic carriers and incidence of 3-4 million new cases per year (Carbone et
al., 2011). Chronic kidney disease (CKD) in general is present in approximately 10% of the
population with many of these patients requiring renal replacement therapy in the form of dialysis
and or kidney transplant. A major cause of morbidity and mortality in dialysis patients and kidney
transplant recipients is liver disease secondary to hepatitis C virus (HCV) infection. The
prevalence of HCV infection is high among renal transplant donors, recipients, and in end stage
renal disease (ESRD) patients on dialysis. When HCV infection is present in this group of patients,
it has major implications (Scott et al., 2010; Goodkin et al., 2003; Carbone et al., 2011). The major
factors associated with this increased relative risk of HCV infection in dialysis patients as opposed
to general population are overall exposure of blood products, age, and duration of dialysis (Periera
& Levey, 1997; Finelli et al., 2005; Fissell et al., 2004). On the other hand, some recent reports
indicate possible decline in prevalence of HCV infection in dialysis patients (Carbone et al., 2011;
Scott et al., 2010; Finelli et al., 2005; Fissell et al., 2004; Jadoul et al., 2004; Fribrizi et al., 2002). This
decline could be related to the use of erythropoiesis-stimulating agents that consequently lead
to decrease in blood transfusions, and progressive enhancement of dialysis conditions to control
infections. In developed countries, the prevalence of HCV infection is higher in renal trans‐
plant recipients than in dialysis patients, major contributing factors being longer survival of the
former with more exposure to blood products, and most probably dialysis.

2. Natural history of HCV infection, morbidity and mortality in transplant

HCV RNA can be detected in the blood after 1-3 weeks of first exposure. In majority of the HCV
acute infection cases the patients are asymptomatic, however the disease can have a fulminant
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course. The natural history of Hepatitis C infection is quite variable with disease spectrum
varying from mild to severe hepatitis, hepatic cirrhosis, and hepatocellular carcinoma. In 60-85%
of these cases, HCV RNA can be detected for 6 months or longer. 10-15% of these chronic patients
progress to develop liver cirrhosis (National Institute of Health [NIH], 2002). The virus is very
slow to progress with almost no signs or symptoms in the first few years or decade. The most
reliable tool to examine the progression of HCV liver damage is histologic evaluation of liver
biopsy. The activity of liver disease can fluctuate, however, once there is fibrosis the damage is
considered to be irreversible and progressive. Poynard, in 2001, reported that the average time
of HCV infection to progress to liver cirrhosis is about 30 years, ranging from 13 years (for men
who drank and were infected after the age of 40 years) to 42 years (for women who did not drink
and were infected before the age of 40) (Poynard et al., 2001).

HCV infection has been associated independently with increased mortality in Hemodialysis
patients as shown by several studies including Dialysis Outcomes and Practice Patterns
(DOPPS) conducted over three continents (Goodkin et al., 2003; Fibrizi, 2004, 2007).

Transplant recipients from HCV positive donors have a higher rate of fulminant or severe
hepatitis and liver disease in general. The literature shows some controversy in results
presented by various studies regarding survival. The overall survival and specifically of the
allograft survival for HCV infected kidney transplant recipients are much worse than non-
infected renal transplant recipients (Figures 1 & 2) (Pedroso et al., 2006). Several studies have
shown that although recipients of organs from HCV infected donors have higher rates of liver
disease, there is no solid evidence of decreased overall survival rate (Periera, 1991, 1995;
Mendez et al., 1995). On the other hand, there are some other studies that show contrary results
with recipients of organs from HCV infected donors to have significantly higher morbidity
mainly due to liver disease and reduced overall survival with limited life expectancy (Pirsch
et al., 1995). The presence of liver damage depending on the severity as determined by biopsy
is a strong predictor of liver failure and death post-transplantation. Despite the ongoing
controversy, majority of the data shows increased morbidity due to higher rate of liver disease.
However, there is no consensus on lack of adverse effect on survival by initial studies that
mostly represented comparatively small number of cases and short period of followup. Fabrizi
and colleagues pooled these single studies in a meta-analysis and showed that anti HCV
positive status is an independent and significant risk factor for death and graft failure after
kidney transplantation with estimated relative risk of 1.79 and 1.56 respectively. In a recent
study, Scott and colleagues also showed prevalence of HCV infection in renal transplant
recipients to be 1.8% and reported the patient survival to be 77% and 90% at 5 years and 50%
and 79% at 10 years for HCV antibody positive and HCV antibody negative groups. The most
common causes of death in HCV positive kidney transplant recipients were cardiovascular
disease, malignancy, and liver failure (Scott et al., 2010). In addition to increased mortality,
Zylberberg et al found a significantly increased yearly progression rate of liver inflammation
and fibrosis in HCV infected renal transplant recipients than immunocompetent group
(Zylberberg et al., 2002). Alric and colleagues, on the contrary, showed the annual progression
of liver fibrosis to be significantly lower in renal transplant recipients than patients with HCV
and normal renal function (Alric et al., 2002). Reasons for the above mentioned difference is
not clear. There is strong evidence that transplantation with kidney from HCV infected donor
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is significantly associated with improved survival as opposed to remaining on dialysis on
transplant wait list (Abbott et al., 2004; Periera et al., 1998; Knoll et al., 1997; Maluf et al.,
2007). Findings suggest that detrimental effect of transplantation in association with HCV
infection does not outweigh its long term benefits on survival in end stage renal disease (ESRD)
patients on dialysis and therefore anti-HCV positivity should not be considered as an absolute
contraindication for renal transplantation (Natov & Periera, 2012; Knoll et al, 1997).

Figure 1. Kaplan-Meier estimate of the cumulative probability of patient survival. Reprinted from Transplantation Pro‐
ceedings, 38, 1890-1894 (2006), Pedroso S et al., Impact of Hepatitis C Virus on Renal Transplantation: Association
with Poor Survival. With permission from Elsevier through Copyright Clearance Center

Figure 2. Kaplan-Meier estimate of the cumulative probability of graft survival.Reprinted from Transplantation Pro‐
ceedings, 38, 1890-1894 (2006), Pedroso S et al., Impact of Hepatitis C Virus on Renal Transplantation: Association
with Poor Survival. With permission from Elsevier through Copyright Clearance Center

The increased morbidity and mortality in HCV infection is not only related to liver disease but
also extrahepatic complications (Kidney disease: improving global outcome [KDIGO], 2008).
HCV infection can predispose to the development of pre and posttransplant diabetes. A 2005
meta-analysis of 2502 patients noted a fourfold increase in the development of New Onset
Diabetes mellitus after Transplantation (NODAT) among HCV infected patients when
compared to the non-infected group (Gursoy et al., 2000; Abbott et al., 2004). It is suggested
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that HCV infection might be associated with increased insulin resistance contributing to
development of NODAT.

HCV has been associated with renal disease in both native and transplanted kidneys. It is in
fact reported to be more associated with glomerular disease in renal transplants than native
kidneys. This association is suggested to be secondary to immunosuppressive therapy leading
to increased HCV RNA titres (Periera et al., 1995; Burstein & Rodby, 1993). In renal transplant
recipients, HCV infection has been implicated in pathogenesis of acute glomerulopathy, de
novo immune complex glomerulonephritis in allograft, and chronic allograft nephropathy
(CAN) (Cosio et al., 1996; Roth et al., 1995; Ozdemir et al., 2006; Morales et al., 1997; Mahmoud
et al., 2005). De novo membranoproliferative glomerulonephritis (MPGN), and de novo
membranous glomerulonephritis (MGN), with or without mixed cryoglobulinemia are the
most frequent glomerular patterns of injury seen in association with HCV infection in renal
allografts. In 2001, one study reported the prevalence of de novo MPGN and MGN to be 45.4%
and 18.2% in HCV positive transplant recipients as compared to 5.7% and 7.7% in HCV
negative recipients (Cruzado et al., 2001). Subsequently, another study in 2006 reported the
prevalence of de novo GN to be 34% in HCV infected recipients and only 6.6% in HCV negative
recipients (Ozdemir et al., 2005). In general higher prevalence of autoimmune GN was
associated with poor graft outcome, and even worse than de novo GN in HCV negative patients
(Carbone et al., 2011).

Proteinuria is a common manifestation of kidney disease in HCV infected patients and renal
biopsy is used to establish the diagnosis of glomerular injury, however currently it is impos‐
sible to determine HCV as the cause of glomerular damage based solely on morphologic
assessment of renal biopsy. (Natov & Periera, 2012).

In 2005, Mahmoud et al reported a higher rate of CAN in HCV infected patients who did not
receive interferon (IFN) therapy prior to renal transplant. Recent data also shows increased
rate of graft failure due to CAN in HCV positive recipients than HCV negative (Scott et al.,
2010). The Spanish Chronic Allograft Nephropathy Group analyzed 4304 renal transplant
recipients with 587 of them being HCV positive over a period of 1990 to 2002. The study
reported HCV infection to be associated with early proteinuria, lower renal function, de novo
GN, chronic rejection, graft loss, and lower survival than HCV negative recipients (Morales et
al., 2010). Another implication of HCV infection is its association with development of early
graft dysfunction due to acute glomerular lesion. Examples of such lesions include acute
transplant glomerulopathy, and de novo renal thrombotic microangiopathy (Cosio et al.,
1996, Baid et al., 1995). Acute transplant glomerulopathy is mostly considered to be an atypical
variant of acute cellular rejection and is also present more commonly in HCV positive
recipients (Cosio et al., 1996a, 1996b).

3. Diagnosis

Detection of HCV infection is based primarily on the type of laboratory test used and its
sensitivity and specificity. Any false positive tests will lead to unnecessary waste of precious
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potential  organs for transplant (Natov & Periera,  2012).  A large collaborative study was
performed in United States that looked at the positive and negative predictive values of
antibody  screening  tests.  Eight  organ  procurement  organizations  representing  different
geographical  regions studied 3078 cadaver organ donors.  Using first  generation enzyme
linked immunosorbent assay ELISA1 anti-HCV test, the prevalence was found to be 5.1%
(1.5-16.7%). Using the second generation ELISA2, the prevalence was 4.2%, with positive
predictive value of 55% and negative predictive value of 100%. Some investigators have
suggested the use of  third generation ELISA3 tests to screen cadavers for HCV that be‐
cause  of  its  improved specificity  showed only  3.7% prevalence.  On the  other  hand,  the
prevalence of HCV RNA (ribonuclease acid) detection by Polymerase chain reaction (PCR)
was only 2.4%. Although discarding all ELISA2 positive organs would eliminate transmis‐
sion of HCV, there will be waste of 1.8% that will be discarded based on ELISA2 positivity
while they are HCV RNA negative. However, it is currently not practical to test cadavers for
HCV RNA status prior to organ procurement (Challine et al., 2004). The current practice in
major centers is still to screen organ donors for antibodies against HCV. The serum amino‐
transferase levels are usually normal in uremic patients, and therefore are not considered
reliable in determining disease activity and severity of fibrosis in this group. For clinically
suspicious patients with elevated serum aminotransferase levels but negative antibody test,
an HCV RNA assay with a detection limit of less than 50 IU/mL is recommended to rule out
infection (Pawlotsky, 2002).

There is limited data on the impact of different HCV genotypes on survival after transplanta‐
tion. Data reported by New England Organ Bank had relatively small number of patients and
HCV genotype distribution to reach a conclusion (Natov et al., 1999).

Liver biopsy remains the gold standard for assessment of liver damage and fibrosis. Several
scoring systems are used for assessment of hepatic fibrosis that use various criteria such as
activity index and special stains for collagen deposition. Examples of these scoring systems
include hepatic activity index (HAI), Knodell score and the Matavir system. Patients with HCV
infection can have evidence of histologic liver disease in the absence of elevated transaminases
and abnormal liver function tests. Therefore there may be merit in performing liver biopsy on
all anti-HCV positive patients on transplant wait list. In patients with histologic evidence of
liver disease, the decision to proceed or not with transplantation should be made with extreme
caution as post-transplant immunosuppression may exacerbate liver disease (Zylerberg et al.,
2002).

4. Clinical outcome with impact of HCV status before transplantation, and
use of allografts from HCV positive donors

HCV has multiple distinct variants that are classified into six major types based on the viral
genome sequence analysis. Each type consists of subtypes named in order of discovery such
as a,b, c and so on, the subtypes may include individual isolates. Repeated infection or
superinfection may occur in the same patient by the same or a different strain as HCV does
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not provide immunity. Thus transplant recipients that are positive for HCV RNA may have
the viral genotype of the donor, same genotype as present pretransplant or both individual
genotypes. The impact of superinfection is not clear, however there is some evidence that HCV
infection by one or multiple strains does not impact the survival negatively, at least in the short
term (Natov et al., 1999; Natov & Periera, 2012; Ali et al., 1998).

The use of renal allografts from HCV positive donors to be transplanted in HCV infected
recipients may offer some advantage (Figure 3) (Abbott et al., 2003). This approach is consistent
with 2008 Kidney Disease: Improving Global Outcomes (KDIGO) Guideline recommendations
(KDIGO, 2008). A survey was performed in United States on 245 transplant centers with
response obtained from 147 centers. The data showed that 49% of these centers use HCV
seropositive donors (Batiuk et al., 2002). Patients who are HCV positive before transplant have
a significantly higher risk of developing posttransplant liver disease, mainly chronic hepatitis
and its sequelae. An unusual serious form of liver involvement termed fibrosing cholestatic
hepatitis has been reported in such patients. it is characterized by severe cholestasis, extensive
fibrosis, and rapidly progressive liver failure, and is most likely related to acute infection under
maximum immunosuppression (Toth et al., 1998; Delladetsima et al., 2006). Kidney transplant
in HCV positive patients is associated with a 1.8-30.3 fold increase in serum viral titer most
likely due to increased viral proliferation secondary to immunosuppressive therapy. However,
this increase in viral titer may not be associated with increased risk of posttransplant liver
disease, neither does it have any association with transaminase pattern or histologic severity
of liver injury (Natov & Periera, 2012; Periera et al., 1995; Rpth et al., 1996).

Figure 3. Kaplan-Meier plot of patient survival after renal transplantation, limited to patients who received a kidney
positive for hepatitis C (DHCV+; n = 873) stratified by recipients who were HCV+ and HCV−. Reprinted from J Am Soc
Nephol, 14, 2908-2918 (2003), Abbott K et al., Hepatitis C and Renal Transplantation in the Era of Modern Immuno‐
suppression. With permission through Copyright Clearance Center

Mycophenolate mofetil and antithymocyte globulin are reported to increase HCV viremia
while cyclosporine was found to have a suppressive effect on HCV replicon RNA level and
HCV protein expression in cultured human hepatocytes (Figure 4) (Abbott et al., 2003; Rostaing
et al., 2000; Geith, 2011; Misiani et al., 1994).
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Figure 4. Kaplan-Meier plot of patient survival after renal transplantation, limited to patients who received a kidney
positive for hepatitis C (DHCV+; n = 873) stratified by recipients who received mycophenolate mofetil (MMF) or those
who did not (no MMF). Reprinted from J Am Soc Nephol, 14, 2908-2918 (2003), Abbott K et al., Hepatitis C and Renal
Transplantation in the Era of Modern Immunosuppression. With permission through Copyright Clearance Center

Although there is solid data that shows increased risk of developing liver disease in HCV
positive patients, there are conflicting reports and data regarding impact on survival. Some
studies failed to show any difference in overall survival in transplant recipients that were HCV
positive or negative. Other studies of pretransplant HCV positive recipients reported increased
mortality rate mainly due to liver disease and sepsis with a 3.3 fold increased risk of death and
9.9 fold higher risk of mortality due to sepsis (Natov & Periera, 2012; Periera et al., 1995;
Legendre et al., 1998). A 2005 meta-analysis on eight clinical trials involving a cohort of 6365
patients showed an increased relative risk of death in HCV positive patients (1.79) mainly due
to liver cirrhosis and cancer. In addition the relative risk of allograft failure was 1.56 (Fabrizi
et al., 2005).

Studies conducted in the 80s and 90s showed 35% of recipients who received allografts from
HCV positive donors developed posttransplant liver disease, 50% became anti HCV positive
after transplant, and 73% developed HCV viremia (Natov, 2002; Periera et al., 1994). The wide
variation in the rate of transmission could be related to different prevalence among donors,
difference in organ preservation and failure to test recipients in some centers. A large registry
analysis in 2002 showed increased mortality in recipients of allografts from HCV positive
donors regardless of the HCV status of the recipient (Bucci et al., 2002). Using the data from
the Organ Procurement and Transplantation Network (OPTN), Maluf reported approximately
300 days shortening of wait time for HCV positive recipients receiving allografts from HCV
positive donors compared with HCV negative recipients however there was significantly
decreased graft and patient overall survival (Maluf et al., 2010). A larger analysis of the same
data from OPTN was performed recently by Northup and colleagues in 2010 that included
19496 HCV positive recipients and 934 HCV positive donors. It showed the adjusted hazard
ratio for death to be similar for HCV positive recipients of HCV positive donors and HCV
positive recipients of HCV negative donors. The worst survival was seen in HCV negative
recipients who received allografts from HCV positive donors (Northup et al., 2010).
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not provide immunity. Thus transplant recipients that are positive for HCV RNA may have
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term (Natov et al., 1999; Natov & Periera, 2012; Ali et al., 1998).

The use of renal allografts from HCV positive donors to be transplanted in HCV infected
recipients may offer some advantage (Figure 3) (Abbott et al., 2003). This approach is consistent
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Figure 3. Kaplan-Meier plot of patient survival after renal transplantation, limited to patients who received a kidney
positive for hepatitis C (DHCV+; n = 873) stratified by recipients who were HCV+ and HCV−. Reprinted from J Am Soc
Nephol, 14, 2908-2918 (2003), Abbott K et al., Hepatitis C and Renal Transplantation in the Era of Modern Immuno‐
suppression. With permission through Copyright Clearance Center

Mycophenolate mofetil and antithymocyte globulin are reported to increase HCV viremia
while cyclosporine was found to have a suppressive effect on HCV replicon RNA level and
HCV protein expression in cultured human hepatocytes (Figure 4) (Abbott et al., 2003; Rostaing
et al., 2000; Geith, 2011; Misiani et al., 1994).
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Figure 4. Kaplan-Meier plot of patient survival after renal transplantation, limited to patients who received a kidney
positive for hepatitis C (DHCV+; n = 873) stratified by recipients who received mycophenolate mofetil (MMF) or those
who did not (no MMF). Reprinted from J Am Soc Nephol, 14, 2908-2918 (2003), Abbott K et al., Hepatitis C and Renal
Transplantation in the Era of Modern Immunosuppression. With permission through Copyright Clearance Center
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Studies conducted in the 80s and 90s showed 35% of recipients who received allografts from
HCV positive donors developed posttransplant liver disease, 50% became anti HCV positive
after transplant, and 73% developed HCV viremia (Natov, 2002; Periera et al., 1994). The wide
variation in the rate of transmission could be related to different prevalence among donors,
difference in organ preservation and failure to test recipients in some centers. A large registry
analysis in 2002 showed increased mortality in recipients of allografts from HCV positive
donors regardless of the HCV status of the recipient (Bucci et al., 2002). Using the data from
the Organ Procurement and Transplantation Network (OPTN), Maluf reported approximately
300 days shortening of wait time for HCV positive recipients receiving allografts from HCV
positive donors compared with HCV negative recipients however there was significantly
decreased graft and patient overall survival (Maluf et al., 2010). A larger analysis of the same
data from OPTN was performed recently by Northup and colleagues in 2010 that included
19496 HCV positive recipients and 934 HCV positive donors. It showed the adjusted hazard
ratio for death to be similar for HCV positive recipients of HCV positive donors and HCV
positive recipients of HCV negative donors. The worst survival was seen in HCV negative
recipients who received allografts from HCV positive donors (Northup et al., 2010).
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In regards to superinfection, HCV genotype 1 is the most common genotype of HCV seen in
Western countries and is notorious to be less responsive to antiviral therapy including
Pegylated IFN and Ribavirin. Some authorities suggest that genotyping should be done
routinely and genotype 1 renal allografts should not be used in recipients with other genotypes.
However data is limited regarding this strategy (Carbone et al., 2011).

5. Treatment

In non-transplant setting, the combination therapy with interferon (IFN) and Ribavirin is the
standard of care for treatment of initial as well as relapse of HCV infection. Clearance of
Ribavirin is impaired in patients with renal dysfunction as the drug itself and its metabolites
cannot be removed by Hemodialysis. Therefore, Ribavirin is not recommended in patients
with creatinine clearance of less than 50mL/min. IFN therapy is however recommended in
dialysis patients. The goal of pretranslant HCV treatment is to attempt to eradicate HCV before
transplant subsequently leading to decrease in the risk of progression of HCV-associated liver
disease, reduced risk of posttransplant renal dysfunction, and possible reduction in HCV
disease progression. The optimal treatment of HCV in dialysis patients is regarded as IFN
therapy but it is not known whether there is any added advantage on the use of pegylated IFN
over nonpegylated standard IFN. Dialysis patients are not considered candidates of combi‐
nation therapy owing to concerns regarding development of Ribavirin-induced anemia as the
clearance of the drug is impaired in patients with renal dysfunction. A safer but less cost-
effective approach is to use IFN therapy to treat HCV positive patients on dialysis who are
potential transplant candidates. This strategy seems to have a beneficial effect on the course
of liver disease posttransplant, shows higher rates of sustained biochemical and virological
response, and seems to have reduced risk of HCV disease progression. At present data on
relapse rate on HCV positive patients treated pretransplant is limited and controversial. 2008
KDIGO guidelines suggest HCV positive transplant candidates to be considered for IFN
therapy before transplant. Ribavirin is not recommended because of its impaired clearance.
Similar concerns apply to pegylated IFN because of its longer half-life and is also not recom‐
mended for pretransplant HCV therapy.

Posttransplant HCV treatment is generally not recommended. A major limitation to the use of
IFN posttransplant is the potential of developing acute rejection. In addition to antiviral
activity, IFN also has pleiotropic effects including antiproliferative and immunomodulatory
functions. The National Institute of Health (NIH) Consensus Statement on management of
HCV infection lists renal transplant as one of the contraindications to IFN therapy. Most
authorities are in line with this approach because of the increased risk of acute rejection, high
cost, limited efficacy, and significant side effects that are reported with IFN treatment after
transplant. Treatment may be recommended in exceptional and life-threatening cases of HCV
complications such as fibrosing cholestatic hepatitis, life-threatening vasculitis, recurrent and
progressive HCV-associated glomerulopathy in the transplanted kidney, and advanced
histologic stages of liver fibrosis.
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2008 KDIGO guidelines recommend monotherapy with standard IFN only to be considered
in HCV positive kidney transplant recipients (Terraut & Adey, 2007; Kim et al., 2011; Carbone
et al., 2011; Natov & Periera, 2012. Data on efficacy of Ribavirin treatment alone after transplant
is limited. Combination therapy is the most likely regimen to achieve a sustained virologic
response (SVR), however Ribavirin dosage must be adjusted based on the renal function to
minimize the complication of anemia.

Large scale, multicenter clinical trials are needed to determine the optimal treatment approach
in these populations. New therapies may offer specific advantages and show decreased
incidence of treatment-related side effects than the currently available drugs.

In addition SVR to antiviral therapy in patients with HCV associated renal disease has been
associated with improvement in renal histology with reduced inflammation and immune
deposits. Recently, five HCV positive renal transplant patients who developed type III
cryoglobulinemic MPGN were successfully treated by Rituximab (anti-CD 20) chimeric
monoclonal antibody (Basse et al., 2005, 2006).

Transplantation after adequate antiviral therapy followed by minimal immunosuppression
can be a good option. Recently, Shah and colleagues evaluated graft function and graft as well
as patient survival in retrospective analyses of 132 HCV-positive renal transplant patients who
received tolerance induction protocol (TIP) with minimal immunosuppression and compared
them with 79 controls transplanted using standard triple immunosuppression drugs. TIP
consisted of 1 donor-specific transfusion, peripheral blood stem cell infusion, portal infusion
of bone marrow, and target-specific irradiation. In the TIP group patient survival at 1, 5, and
10 years was 92.4%, 70.4%, and 63.7%, respectively, versus 75.6%, 71.7%, and 55.7% in the
control group. The graft survival was 92.9%, 81.5%, and 79.1% versus 91.7%, 75.7%, and 67.7%,
respectively. Rejection episodes were less frequent in the former group. Abnormal liver
enzymes were seen in 22% patients in the TIP group versus 31% of the control group (Shah et
al., 2011).

6. Conclusion

HCV infection is relatively common among patients with ESRD on dialysis and kidney
transplant recipients. It is a major cause of morbidity and mortality among this group. When
indicated, treatment with IFN and antiviral therapy should be commenced prior to kidney
transplantation. The optimal treatment of transplant patients with HCV infection is not known.
IFN is not recommended posttransplant because of potential risk of rejection. However there
are some life threatening HCV related complications that would compel the use of IFN in a
renal transplant recipient. In conclusion, Ribavirin is contraindicated in dialysis patients and
alternative drugs are needed to enhance antiviral effects of IFN. For renal transplant recipients,
Ribavirin can be used in combination with IFN in patients with restored renal function,
however the risk of acute rejection with IFN therapy remains a serious concern. Alternative
drugs are also needed with better safety and efficacy for treatment of HCV posttransplant.
Despite the ongoing dilemma HCV positive renal transplant recipients have a better survival
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response (SVR), however Ribavirin dosage must be adjusted based on the renal function to
minimize the complication of anemia.

Large scale, multicenter clinical trials are needed to determine the optimal treatment approach
in these populations. New therapies may offer specific advantages and show decreased
incidence of treatment-related side effects than the currently available drugs.

In addition SVR to antiviral therapy in patients with HCV associated renal disease has been
associated with improvement in renal histology with reduced inflammation and immune
deposits. Recently, five HCV positive renal transplant patients who developed type III
cryoglobulinemic MPGN were successfully treated by Rituximab (anti-CD 20) chimeric
monoclonal antibody (Basse et al., 2005, 2006).

Transplantation after adequate antiviral therapy followed by minimal immunosuppression
can be a good option. Recently, Shah and colleagues evaluated graft function and graft as well
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respectively. Rejection episodes were less frequent in the former group. Abnormal liver
enzymes were seen in 22% patients in the TIP group versus 31% of the control group (Shah et
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HCV infection is relatively common among patients with ESRD on dialysis and kidney
transplant recipients. It is a major cause of morbidity and mortality among this group. When
indicated, treatment with IFN and antiviral therapy should be commenced prior to kidney
transplantation. The optimal treatment of transplant patients with HCV infection is not known.
IFN is not recommended posttransplant because of potential risk of rejection. However there
are some life threatening HCV related complications that would compel the use of IFN in a
renal transplant recipient. In conclusion, Ribavirin is contraindicated in dialysis patients and
alternative drugs are needed to enhance antiviral effects of IFN. For renal transplant recipients,
Ribavirin can be used in combination with IFN in patients with restored renal function,
however the risk of acute rejection with IFN therapy remains a serious concern. Alternative
drugs are also needed with better safety and efficacy for treatment of HCV posttransplant.
Despite the ongoing dilemma HCV positive renal transplant recipients have a better survival
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than HCV positive patients awaiting transplantation. Data shows strong evidence that use of
allografts from HCV positive donors leads to reduced wait time for HCV positive recipients
however there is conflicting data about graft and overall survival that needs to be further
studied. In addition transplant of kidneys from HCV positive donors should be restricted to
recipients with HCV viremia at the time of transplant.

Author details

A.A. Amir1, R.A. Amir2 and S.S. Sheikh3

1 Consultant Nephrologist, Dhahran Health Center, Saudi Aramco Medical Services Organi‐
zation, Dhahran, Saudi Arabia

2 Dammam University, Dhahran, Saudi Arabia

3 Chief, Pathology and Laboratory Services, Dhahran Health Center, Saudi Aramco Medical
Services Organization, Dhahran, Saudi Arabia

References

[1] Abbott, K, Bucci, J, Matsumoto, C, et al. Hepatitis C and renal transplantation in the
era of modern immunosuppression. Journal of American Society of Nephrology,
(2003). doi:ASN.0000090743.43034.72, 14, 2908-2918.

[2] Abbott, K. C, Lentine, K. L, Bucci, J. R, et al. The impact of transplantation with de‐
ceased donor hepatitis c-positive kidneys on survival in wait-listed long-term dialy‐
sis patients. Am J Transplant (2004).

[3] Abbott, K, Lentine, K, Bucci, J, et al. Impact of diabetes and hepatitis after kidney
transplantation on patients who are affected by hepatitis C virus,” Journal of the
American Society of Nephrology, (2004). , 15(12), 3166-3174.

[4] Ali, M. K, Light, J. A, Barhyte, D. Y, et al. Donor hepatitis C virus status does not ad‐
versely affect short-term outcomes in HCV+ recipients in renal transplantation.
Transplantation (1998).

[5] Alric, L. DiMartino V, Selves J, et al., “Long-term impact of renal transplantation on
liver fibrosis during hepatitis C virus infection,” Gastroenterology, (2002). , 123(5),
1494-1499.

[6] Baid, S, Pascual, M, Williams, W, et al. Renal thrombotic microangiopathy associated
with anticardiolipin antibodies in hepatitis C virus-infected renal allograft recipi‐
ents,” Transplantation, (1995). , 59, 1676.

Current Issues and Future Direction in Kidney Transplantation242

[7] Burstein, D. M, & Rodby, R. A. Membranoproliferative glomerulonephritis associat‐
ed with hepatitis C virus infection. J Am Soc Nephrol (1993).

[8] Basse, G, Ribes, D, Kamar, N, Mehrenberger, M, Esposito, L, Guitard, J, Lavayssière,
L, Oksman, F, Durand, D, Dur, D, & Rostaing, L. Rituximab therapy for de novo
mixed cryoglobulinemia in renal transplant patients. Transplantation. (2005).

[9] Basse, G, Ribes, D, Kamar, N, Mehrenberger, M, Sallusto, F, Esposito, L, Guitard, J,
Lavayssière, L, Oksman, F, Durand, D, & Rostaing, L. Rituximab therapy for mixed
cryoglobulinemia in seven renal transplant patients. Transplant Proc. (2006).

[10] Batiuk, T. D, Bodziak, K. A, & Goldman, M. Infectious disease prophylaxis in renal
transplant patients: a survey of US transplant centers. Clin Transplant (2002).

[11] Bucci, J, Matsumoto, C, Swanson, S, Agodoa, L, Holtzmuller, K, & Abbott, K. Donor
hepatitis C seropositivity: clinical correlates and effect on early graft and patient sur‐
vival in adult cadaveric kidney transplantation,” Journal of the American Society of
Nephrology, (2002). , 13(12), 2974-2982.

[12] Carbone, M, Cockwell, P, & Neuberger, J. Hepatitis c and kidney transplantation. In‐
ternational journal of nephrology, 2011(593291), 1-17. doi:

[13] “NIH consensus statement on management of hepatitis C: (2002). NIH Consens State
Sci Statements, , 19(3), 1-46.

[14] Challine, D, Pellegrin, B, Bouvier-alias, M, et al. HIV and hepatitis C virus RNA in
seronegative organ and tissue donors, Lancet (2004).

[15] Cosio, G, Sedmak, D. D, Henry, M. L, et al. The high prevalence of severe early post‐
transplant renal allograft pathology inhepatitis C positive recipients,” Transplanta‐
tion, (1996). , 62(8), 1054-1059.

[16] Cosio, F. G, Roche, Z, Agarwal, A, et al. Prevalence of hepatitis C in patients with idi‐
opathic glomerulopathies in native and transplant kidneys. Am J Kidney Dis (1996).

[17] Cosio, F. G, Sedmak, D. D, Henry, M. L, et al. The high prevalence of severe early
post-transplant renal allograft pathology in hepatitis C positive recipients. Trans‐
plantation (1996).

[18] Cruzado, J, Carrera, M, Torras, J, & Griny, J ´ o. Hepatitis C virus infection and de
novo glomerular lesions in renal allografts,” American Journal of Transplantation,
(2001). , 1(2), 171-178.

[19] Delladetsima, I, Psichogiou, M, Sypsa, V, et al. The course of hepatitis C virus infec‐
tion in pretransplantation antihepatitis C virus-negative renal transplant recipients: a
retrospective follow-up study,” American Journal of Kidney Diseases, (2006). , 47(2),
309-316.

[20] Fabrizi, F, Poordad, F, & Martin, P. Hepatitis C infection and the patient with end-
stage renal disease,” Hepatology, (2002). , 36(1), 3-10.

Hepatitis C Infection in Kidney Transplantion
http://dx.doi.org/10.5772/55648

243



than HCV positive patients awaiting transplantation. Data shows strong evidence that use of
allografts from HCV positive donors leads to reduced wait time for HCV positive recipients
however there is conflicting data about graft and overall survival that needs to be further
studied. In addition transplant of kidneys from HCV positive donors should be restricted to
recipients with HCV viremia at the time of transplant.

Author details

A.A. Amir1, R.A. Amir2 and S.S. Sheikh3

1 Consultant Nephrologist, Dhahran Health Center, Saudi Aramco Medical Services Organi‐
zation, Dhahran, Saudi Arabia

2 Dammam University, Dhahran, Saudi Arabia

3 Chief, Pathology and Laboratory Services, Dhahran Health Center, Saudi Aramco Medical
Services Organization, Dhahran, Saudi Arabia

References

[1] Abbott, K, Bucci, J, Matsumoto, C, et al. Hepatitis C and renal transplantation in the
era of modern immunosuppression. Journal of American Society of Nephrology,
(2003). doi:ASN.0000090743.43034.72, 14, 2908-2918.

[2] Abbott, K. C, Lentine, K. L, Bucci, J. R, et al. The impact of transplantation with de‐
ceased donor hepatitis c-positive kidneys on survival in wait-listed long-term dialy‐
sis patients. Am J Transplant (2004).

[3] Abbott, K, Lentine, K, Bucci, J, et al. Impact of diabetes and hepatitis after kidney
transplantation on patients who are affected by hepatitis C virus,” Journal of the
American Society of Nephrology, (2004). , 15(12), 3166-3174.

[4] Ali, M. K, Light, J. A, Barhyte, D. Y, et al. Donor hepatitis C virus status does not ad‐
versely affect short-term outcomes in HCV+ recipients in renal transplantation.
Transplantation (1998).

[5] Alric, L. DiMartino V, Selves J, et al., “Long-term impact of renal transplantation on
liver fibrosis during hepatitis C virus infection,” Gastroenterology, (2002). , 123(5),
1494-1499.

[6] Baid, S, Pascual, M, Williams, W, et al. Renal thrombotic microangiopathy associated
with anticardiolipin antibodies in hepatitis C virus-infected renal allograft recipi‐
ents,” Transplantation, (1995). , 59, 1676.

Current Issues and Future Direction in Kidney Transplantation242

[7] Burstein, D. M, & Rodby, R. A. Membranoproliferative glomerulonephritis associat‐
ed with hepatitis C virus infection. J Am Soc Nephrol (1993).

[8] Basse, G, Ribes, D, Kamar, N, Mehrenberger, M, Esposito, L, Guitard, J, Lavayssière,
L, Oksman, F, Durand, D, Dur, D, & Rostaing, L. Rituximab therapy for de novo
mixed cryoglobulinemia in renal transplant patients. Transplantation. (2005).

[9] Basse, G, Ribes, D, Kamar, N, Mehrenberger, M, Sallusto, F, Esposito, L, Guitard, J,
Lavayssière, L, Oksman, F, Durand, D, & Rostaing, L. Rituximab therapy for mixed
cryoglobulinemia in seven renal transplant patients. Transplant Proc. (2006).

[10] Batiuk, T. D, Bodziak, K. A, & Goldman, M. Infectious disease prophylaxis in renal
transplant patients: a survey of US transplant centers. Clin Transplant (2002).

[11] Bucci, J, Matsumoto, C, Swanson, S, Agodoa, L, Holtzmuller, K, & Abbott, K. Donor
hepatitis C seropositivity: clinical correlates and effect on early graft and patient sur‐
vival in adult cadaveric kidney transplantation,” Journal of the American Society of
Nephrology, (2002). , 13(12), 2974-2982.

[12] Carbone, M, Cockwell, P, & Neuberger, J. Hepatitis c and kidney transplantation. In‐
ternational journal of nephrology, 2011(593291), 1-17. doi:

[13] “NIH consensus statement on management of hepatitis C: (2002). NIH Consens State
Sci Statements, , 19(3), 1-46.

[14] Challine, D, Pellegrin, B, Bouvier-alias, M, et al. HIV and hepatitis C virus RNA in
seronegative organ and tissue donors, Lancet (2004).

[15] Cosio, G, Sedmak, D. D, Henry, M. L, et al. The high prevalence of severe early post‐
transplant renal allograft pathology inhepatitis C positive recipients,” Transplanta‐
tion, (1996). , 62(8), 1054-1059.

[16] Cosio, F. G, Roche, Z, Agarwal, A, et al. Prevalence of hepatitis C in patients with idi‐
opathic glomerulopathies in native and transplant kidneys. Am J Kidney Dis (1996).

[17] Cosio, F. G, Sedmak, D. D, Henry, M. L, et al. The high prevalence of severe early
post-transplant renal allograft pathology in hepatitis C positive recipients. Trans‐
plantation (1996).

[18] Cruzado, J, Carrera, M, Torras, J, & Griny, J ´ o. Hepatitis C virus infection and de
novo glomerular lesions in renal allografts,” American Journal of Transplantation,
(2001). , 1(2), 171-178.

[19] Delladetsima, I, Psichogiou, M, Sypsa, V, et al. The course of hepatitis C virus infec‐
tion in pretransplantation antihepatitis C virus-negative renal transplant recipients: a
retrospective follow-up study,” American Journal of Kidney Diseases, (2006). , 47(2),
309-316.

[20] Fabrizi, F, Poordad, F, & Martin, P. Hepatitis C infection and the patient with end-
stage renal disease,” Hepatology, (2002). , 36(1), 3-10.

Hepatitis C Infection in Kidney Transplantion
http://dx.doi.org/10.5772/55648

243



[21] Fabrizi, F, Martin, P, Dixit, V, Bunnapradist, S, & Dulai, G. Meta-analysis: effect of
hepatitis C virus infection on mortality in dialysis,” Alimentary Pharmacology and
Therapeutics,(2004). , 20(11-12), 1271-1277.

[22] Fabrizi, F, Martin, P, Dixit, V, Bunnapradist, S, & Dulai, G. Hepatitis C virus anti‐
body status and survival after renal transplantation: meta-analysis of observational
studies,” American Journal of Transplantation, (2005). , 5(6), 1452-1461.

[23] Fabrizi, F, Takkouche, B, Lunghi, G, Dixit, V, Messa, P, & Martin, P. The impact of
hepatitis C virus infection on survival in dialysis patients: meta-analysis of observa‐
tional studies,” Journal of Viral Hepatitis, (2007). , 14(10), 697-703.

[24] Finelli, L, Miller, J, Tokars, J, & Arduino, M. National surveillance of dialysis-associ‐
ated diseases in the United States, 2002,” Seminars in Dialysis, (2005). , 18(1), 52-61.

[25] Fissell, R, Bragg-gresham, J, Woods, J, et al. Patterns of hepatitis C prevalence and
seroconversion in hemodialysis units from three continents: the DOOPS,” Kidney In‐
ternational, (2004). , 65(6), 2335-2342.

[26] Gheith, O. Dilemma of HCV infection in renal transplant recipients”. International
Journal of Nephrology 2011: 471214, (2011). doi:

[27] Goodkin, D, Bragg-gresham, J, Koenig, K, et al. Association of comorbid conditions
and mortality in hemodialysis patients in Europe, Japan, and the United States: the
dialysis outcomes and practice patterns study (DOPPS),” Journal of the American So‐
ciety of Nephrology, (2003). , 14(12), 3270-3277.

[28] Gürsoy, M, Köksal, R, Karavelioglu, D, Colak, T, Gür, G, Ozdemir, N, Boyacioglu, S,
& Bilgin, N. Pretransplantation alpha-interferon therapy and the effect of hepatitis C
virus infection on kidney allograft recipients. Transplant Proc. (2000).

[29] Jadoul, M, Poignet, J, Geddes, C, et al. The changing epidemiology of hepatitis C vi‐
rus infection in haemodialysis: European multicentre study,” Nephrology Dialysis
Transplantation, (2004). , 19(4), 904-909.

[30] Kidney disease: improving global outcome (KDIGO)KDIGO clinical practice guide‐
lines for the prevention, diagnosis, evaluation, and treatment of hepatitis C in chron‐
ic kidney disease. Kidney Int Suppl (2008). suppl 109):s1

[31] KDIGO clinical practice guidelines for the preventiondiagnosis, evaluation, and
treatment of hepatitis C in chronic kidney disease. Kidney Int (2008). Suppl 109):S1.

[32] Kim, E, Ko, H, & Yoshida, E. (2011). Treatment issues surrounding hepatitis c in renal
transplantation: A review. Annals of hepatology, 10(1), 5-14.

[33] Knoll, G. A, Tankersley, M. R, Lee, J. Y, et al. The impact of renal transplantation on
survival in hepatitis C-positive end-stage renal disease patients. Am J Kidney Dis
(1997).

Current Issues and Future Direction in Kidney Transplantation244

[34] Legendre, C, & Garrigue, V. Le Bihan C, et al. Harmful long-term impact of hepatitis
C virus infection in kidney transplant recipients. Transplantation (1998).

[35] Mahmoud, I, Sobh, M, Habashi, A, et al. Interferon therapy in hemodialysis patients
with chronic hepatitis C: study of tolerance, efficacy and post-transplantation
course,” Nephron Clinical Practice, (2005). , 100(4), c133-c139.

[36] Maluf, D. G, Fisher, R. A, King, A. L, et al. Hepatitis C virus infection and kidney
transplantation: predictors of patient and graft survival. Transplantation (2007).

[37] Maluf, D, Archer, K, & Mas, V. Kidney grafts from HCV-positive donors: advantages
and disadvantages,” Transplantation Proceedings, (2010). , 42(7), 2436-2446.

[38] Mendez, R, Shahawy, M, Obispo, E, et al. Four years follow up of hepatitis C positive
kidneys into hepatitis C negative recipients- Prospective study. J Am Soc Nephrol
(1995).

[39] Misiani, R, Bellavita, P, Fenili, D, Vicari, O, Marchesi, D, Sironi, P. L, Zilio, P, Vernoc‐
chi, A, & Massazza, M. Venderamin G: Interferon alfa-2a therapy in cryoglobulinenia
associated with hepatitis C virus. N Engl J Med , 330, 751-756.

[40] Morales, J, Pascual-capdevila, J, Campistol, J, et al. Membranous glomerulonephritis
associated with hepatitis C virus infection in renal transplant patients,” Transplanta‐
tion, (1997). , 63(11), 1634-1639.

[41] Morales, J. Marc´en R, Andres A, et al., “Renal transplantation in patients with hepa‐
titis C virus antibody. A long national experience,” NDT Plus, supplement 2, (2010). ,
3, ii41-ii46.

[42] Natov, S. Transmission of viral hepatitis by kidney transplantation:donor evaluation
and transplant policies (part 1:hepatitis B virus),” Transplant Infectious Disease,
(2002). , 4(3), 124-131.

[43] Natov, S. N, Lau, J. Y, Ruthazer, R, et al. Hepatitis C virus genotype does not affect
patient survival among renal transplant candidates. The New England Organ Bank
Hepatitis C Study Group. Kidney Int (1999).

[44] Natov, S, & Pereira, B. (2012). Hepatitis c virus infection and renal translpantation. In
D. Brennan & A. Sheridan (Eds.), Retrieved from http://www.uptodate.com/contents/
hepatitis-c-virus-infection-and-renal-transplantation

[45] Natov, S, & Pereira, B. (2012). Renal disease associated with hepatitis c virus after re‐
nal transplantation. In D. Brennan, M. Hirsch & A. Sheridan (Eds.), Retrieved from
http://www.uptodate.com/contents/renal-disease-associated-with-hepatitis-c-virus-
after-renal-tranplantation

[46] Northup, P, Argo, C, Nguyen, D, et al. Liver allografts from hepatitis c positive do‐
nors can offer good outcomes in hepatitis C positive recipients: a us national trans‐
plant registry analysis,” Transplant International, (2010). , 23(10), 1038-1044.

Hepatitis C Infection in Kidney Transplantion
http://dx.doi.org/10.5772/55648

245



[21] Fabrizi, F, Martin, P, Dixit, V, Bunnapradist, S, & Dulai, G. Meta-analysis: effect of
hepatitis C virus infection on mortality in dialysis,” Alimentary Pharmacology and
Therapeutics,(2004). , 20(11-12), 1271-1277.

[22] Fabrizi, F, Martin, P, Dixit, V, Bunnapradist, S, & Dulai, G. Hepatitis C virus anti‐
body status and survival after renal transplantation: meta-analysis of observational
studies,” American Journal of Transplantation, (2005). , 5(6), 1452-1461.

[23] Fabrizi, F, Takkouche, B, Lunghi, G, Dixit, V, Messa, P, & Martin, P. The impact of
hepatitis C virus infection on survival in dialysis patients: meta-analysis of observa‐
tional studies,” Journal of Viral Hepatitis, (2007). , 14(10), 697-703.

[24] Finelli, L, Miller, J, Tokars, J, & Arduino, M. National surveillance of dialysis-associ‐
ated diseases in the United States, 2002,” Seminars in Dialysis, (2005). , 18(1), 52-61.

[25] Fissell, R, Bragg-gresham, J, Woods, J, et al. Patterns of hepatitis C prevalence and
seroconversion in hemodialysis units from three continents: the DOOPS,” Kidney In‐
ternational, (2004). , 65(6), 2335-2342.

[26] Gheith, O. Dilemma of HCV infection in renal transplant recipients”. International
Journal of Nephrology 2011: 471214, (2011). doi:

[27] Goodkin, D, Bragg-gresham, J, Koenig, K, et al. Association of comorbid conditions
and mortality in hemodialysis patients in Europe, Japan, and the United States: the
dialysis outcomes and practice patterns study (DOPPS),” Journal of the American So‐
ciety of Nephrology, (2003). , 14(12), 3270-3277.

[28] Gürsoy, M, Köksal, R, Karavelioglu, D, Colak, T, Gür, G, Ozdemir, N, Boyacioglu, S,
& Bilgin, N. Pretransplantation alpha-interferon therapy and the effect of hepatitis C
virus infection on kidney allograft recipients. Transplant Proc. (2000).

[29] Jadoul, M, Poignet, J, Geddes, C, et al. The changing epidemiology of hepatitis C vi‐
rus infection in haemodialysis: European multicentre study,” Nephrology Dialysis
Transplantation, (2004). , 19(4), 904-909.

[30] Kidney disease: improving global outcome (KDIGO)KDIGO clinical practice guide‐
lines for the prevention, diagnosis, evaluation, and treatment of hepatitis C in chron‐
ic kidney disease. Kidney Int Suppl (2008). suppl 109):s1

[31] KDIGO clinical practice guidelines for the preventiondiagnosis, evaluation, and
treatment of hepatitis C in chronic kidney disease. Kidney Int (2008). Suppl 109):S1.

[32] Kim, E, Ko, H, & Yoshida, E. (2011). Treatment issues surrounding hepatitis c in renal
transplantation: A review. Annals of hepatology, 10(1), 5-14.

[33] Knoll, G. A, Tankersley, M. R, Lee, J. Y, et al. The impact of renal transplantation on
survival in hepatitis C-positive end-stage renal disease patients. Am J Kidney Dis
(1997).

Current Issues and Future Direction in Kidney Transplantation244

[34] Legendre, C, & Garrigue, V. Le Bihan C, et al. Harmful long-term impact of hepatitis
C virus infection in kidney transplant recipients. Transplantation (1998).

[35] Mahmoud, I, Sobh, M, Habashi, A, et al. Interferon therapy in hemodialysis patients
with chronic hepatitis C: study of tolerance, efficacy and post-transplantation
course,” Nephron Clinical Practice, (2005). , 100(4), c133-c139.

[36] Maluf, D. G, Fisher, R. A, King, A. L, et al. Hepatitis C virus infection and kidney
transplantation: predictors of patient and graft survival. Transplantation (2007).

[37] Maluf, D, Archer, K, & Mas, V. Kidney grafts from HCV-positive donors: advantages
and disadvantages,” Transplantation Proceedings, (2010). , 42(7), 2436-2446.

[38] Mendez, R, Shahawy, M, Obispo, E, et al. Four years follow up of hepatitis C positive
kidneys into hepatitis C negative recipients- Prospective study. J Am Soc Nephrol
(1995).

[39] Misiani, R, Bellavita, P, Fenili, D, Vicari, O, Marchesi, D, Sironi, P. L, Zilio, P, Vernoc‐
chi, A, & Massazza, M. Venderamin G: Interferon alfa-2a therapy in cryoglobulinenia
associated with hepatitis C virus. N Engl J Med , 330, 751-756.

[40] Morales, J, Pascual-capdevila, J, Campistol, J, et al. Membranous glomerulonephritis
associated with hepatitis C virus infection in renal transplant patients,” Transplanta‐
tion, (1997). , 63(11), 1634-1639.

[41] Morales, J. Marc´en R, Andres A, et al., “Renal transplantation in patients with hepa‐
titis C virus antibody. A long national experience,” NDT Plus, supplement 2, (2010). ,
3, ii41-ii46.

[42] Natov, S. Transmission of viral hepatitis by kidney transplantation:donor evaluation
and transplant policies (part 1:hepatitis B virus),” Transplant Infectious Disease,
(2002). , 4(3), 124-131.

[43] Natov, S. N, Lau, J. Y, Ruthazer, R, et al. Hepatitis C virus genotype does not affect
patient survival among renal transplant candidates. The New England Organ Bank
Hepatitis C Study Group. Kidney Int (1999).

[44] Natov, S, & Pereira, B. (2012). Hepatitis c virus infection and renal translpantation. In
D. Brennan & A. Sheridan (Eds.), Retrieved from http://www.uptodate.com/contents/
hepatitis-c-virus-infection-and-renal-transplantation

[45] Natov, S, & Pereira, B. (2012). Renal disease associated with hepatitis c virus after re‐
nal transplantation. In D. Brennan, M. Hirsch & A. Sheridan (Eds.), Retrieved from
http://www.uptodate.com/contents/renal-disease-associated-with-hepatitis-c-virus-
after-renal-tranplantation

[46] Northup, P, Argo, C, Nguyen, D, et al. Liver allografts from hepatitis c positive do‐
nors can offer good outcomes in hepatitis C positive recipients: a us national trans‐
plant registry analysis,” Transplant International, (2010). , 23(10), 1038-1044.

Hepatitis C Infection in Kidney Transplantion
http://dx.doi.org/10.5772/55648

245



[47] Ozdemir, B, Ozdemir, F, Sezer, S, Colak, T, & Haberal, M. De novo glomerulonephri‐
tis in renal allografts with hepatitis C virus infection,” Transplantation Proceedings,
(2006). , 38(2), 492-495.

[48] Pawlotsky JM: Molecular diagnosis of viral hepatitis Gstroenterology 122: 1554-1568,
(2002).

[49] Pedroso, S, Martins, L, Fonseca, I, et al. Impact of Hepatitis C virus on renal trans‐
plantation: Association with poor survival. Transplantation Proceedings, (2006).
doi:j.transproceed.2006.06.065, 38, 1890-1894.

[50] Periera, B. J, Milford, E. L, Kirkman, R. L, & Levey, A. S. Transmission of hepatitis C
virus by organ transplantation. N Engl J Med (1991).

[51] Periera, B. J, Wright, T. L, Schmid, C. H, et al. Screening and confirmatory testing of
cadaver organ donors for hepatitis C virus infection: a U.S. National Collaborative
Study, Kidney Int (1994).

[52] Pereira, B, Wright, T, Schmid, C, et al. Screening and confirmatory testing of cadaver
organ donors for hepatitis C virus infection: a U.S. national collaborative study,”
Kidney International, (1994). , 46(3), 886-892.

[53] Periera, B. J, Wright, T. L, Schmid, C. H, & Levey, A. S. The impact of pretransplanta‐
tion hepatitis C infection on the outcome of renal transplantation. Transplantation
(1995).

[54] Periera, B. J, Wright, T. L, Schmid, C. H, & Levey, A. S. Transmission of hepatitis C
transmission by organ transplantation. The New England Organ Bank Hepatitis C
Study Group. Lancet (1995).

[55] Pereira, B, & Levey, A. Hepatitis C virus infection in dialysis and renal transplanta‐
tion,” Kidney International, (1997). , 51(4), 981-999.

[56] Pereira, B. J, Natov, S. N, Bouthot, B. A, et al. Effects of hepatitis C infection and renal
transplantation on survival in end-stage renal disease. The New England Organ
Bank Hepatitis C Study Group. Kidney Int (1998).

[57] Pirsch, J, Heisey, D, & Allesandro, D. A, et al. Transplantation of hepatitis C (HCV)
kidneys: Defining the risks (abstract). 14th Annual Meeting of the American Society
of Transplant Physicians, Chicago, May 14-17, (1995). , 98.

[58] Poynard, T, Ratziu, V, Charlotte, F, Goodman, Z, Mchutchison, J, & Albrecht, J. Rates
and risk factors of liver fibrosis progression in patients with chronic hepatitis C,”
Journal of Hepatology, (2001). , 34(5), 730-739.

[59] Rostaing, L, Izopet, J, Sandres, K, et al. Changes in hepatitis C virus RNA viremia
concentrations in long-term renal transplant patients after introduction of Mycophe‐
nolate mofetil. Transplantation (2000).

Current Issues and Future Direction in Kidney Transplantation246

[60] Roth, D, Cirocco, R, Zucker, K, et al. De novo membranoproliferative glomerulo‐
nephritis in hepatitis C virus infected renal allograft recipients,” Transplantation,
(1995). , 59(12), 1676-1682.

[61] Roth, D, Zucker, K, Cirocco, R, et al. A prospective study of hepatitis C virus infec‐
tion in renal allograft recipients. Transplantation (1996).

[62] Shah, P, Vanikar, A, Gumber, M, Patel, H, Kute, V, Godara, S, & Trivedi, H. (2011).
Renal transplantation in hepatitis c positive patients: A single centre experience.
Journal of transplantation, doi:, 2011, 1-5.

[63] Scott, D, Wong, J, Spicer, T, et al. Adverse impact of hepatitis C virus infection on re‐
nal replacement therapy and renal transplant patients in Australia and New Zea‐
land,” Transplantation, (2010). , 90(11), 1165-1171.

[64] Terrault, N, & Adey, D. (2007). The kidney transplant recipient with hepatitis c infec‐
tion pre- and posttransplantation treatment. American society of nephrology,
doi:CJN.02930806, 2, 563-575.

[65] Toth, C. M, Pascual, M, Chung, R. T, et al. Hepatitis C virus-associated fibrosing cho‐
lestatic hepatitis after renal transplantation: response to interferon-alpha therapy.
Transplantation (1998).

[66] Watashi, K, Hijikata, M, Hosaka, M, et al. Cyclosporin A suppresses replication of
hepatitis C virus genome in cultured hepatocytes. Hepatology (2003).

[67] Zylberberg, H, Nalpas, B, Carnot, F, et al. Severe evolution of chronic hepatitis C in
renal transplantation: a case control study. Nephrol Dial Transplant (2002).

[68] Zylberberg, H, Nalpas, B, Carnot, F, et al. Severe evolution of chronic hepatitis C in
renal transplantation: a case control study,” Nephrology Dialysis Transplantation,
(2002). , 17(1), 129-133.

Hepatitis C Infection in Kidney Transplantion
http://dx.doi.org/10.5772/55648

247



[47] Ozdemir, B, Ozdemir, F, Sezer, S, Colak, T, & Haberal, M. De novo glomerulonephri‐
tis in renal allografts with hepatitis C virus infection,” Transplantation Proceedings,
(2006). , 38(2), 492-495.

[48] Pawlotsky JM: Molecular diagnosis of viral hepatitis Gstroenterology 122: 1554-1568,
(2002).

[49] Pedroso, S, Martins, L, Fonseca, I, et al. Impact of Hepatitis C virus on renal trans‐
plantation: Association with poor survival. Transplantation Proceedings, (2006).
doi:j.transproceed.2006.06.065, 38, 1890-1894.

[50] Periera, B. J, Milford, E. L, Kirkman, R. L, & Levey, A. S. Transmission of hepatitis C
virus by organ transplantation. N Engl J Med (1991).

[51] Periera, B. J, Wright, T. L, Schmid, C. H, et al. Screening and confirmatory testing of
cadaver organ donors for hepatitis C virus infection: a U.S. National Collaborative
Study, Kidney Int (1994).

[52] Pereira, B, Wright, T, Schmid, C, et al. Screening and confirmatory testing of cadaver
organ donors for hepatitis C virus infection: a U.S. national collaborative study,”
Kidney International, (1994). , 46(3), 886-892.

[53] Periera, B. J, Wright, T. L, Schmid, C. H, & Levey, A. S. The impact of pretransplanta‐
tion hepatitis C infection on the outcome of renal transplantation. Transplantation
(1995).

[54] Periera, B. J, Wright, T. L, Schmid, C. H, & Levey, A. S. Transmission of hepatitis C
transmission by organ transplantation. The New England Organ Bank Hepatitis C
Study Group. Lancet (1995).

[55] Pereira, B, & Levey, A. Hepatitis C virus infection in dialysis and renal transplanta‐
tion,” Kidney International, (1997). , 51(4), 981-999.

[56] Pereira, B. J, Natov, S. N, Bouthot, B. A, et al. Effects of hepatitis C infection and renal
transplantation on survival in end-stage renal disease. The New England Organ
Bank Hepatitis C Study Group. Kidney Int (1998).

[57] Pirsch, J, Heisey, D, & Allesandro, D. A, et al. Transplantation of hepatitis C (HCV)
kidneys: Defining the risks (abstract). 14th Annual Meeting of the American Society
of Transplant Physicians, Chicago, May 14-17, (1995). , 98.

[58] Poynard, T, Ratziu, V, Charlotte, F, Goodman, Z, Mchutchison, J, & Albrecht, J. Rates
and risk factors of liver fibrosis progression in patients with chronic hepatitis C,”
Journal of Hepatology, (2001). , 34(5), 730-739.

[59] Rostaing, L, Izopet, J, Sandres, K, et al. Changes in hepatitis C virus RNA viremia
concentrations in long-term renal transplant patients after introduction of Mycophe‐
nolate mofetil. Transplantation (2000).

Current Issues and Future Direction in Kidney Transplantation246

[60] Roth, D, Cirocco, R, Zucker, K, et al. De novo membranoproliferative glomerulo‐
nephritis in hepatitis C virus infected renal allograft recipients,” Transplantation,
(1995). , 59(12), 1676-1682.

[61] Roth, D, Zucker, K, Cirocco, R, et al. A prospective study of hepatitis C virus infec‐
tion in renal allograft recipients. Transplantation (1996).

[62] Shah, P, Vanikar, A, Gumber, M, Patel, H, Kute, V, Godara, S, & Trivedi, H. (2011).
Renal transplantation in hepatitis c positive patients: A single centre experience.
Journal of transplantation, doi:, 2011, 1-5.

[63] Scott, D, Wong, J, Spicer, T, et al. Adverse impact of hepatitis C virus infection on re‐
nal replacement therapy and renal transplant patients in Australia and New Zea‐
land,” Transplantation, (2010). , 90(11), 1165-1171.

[64] Terrault, N, & Adey, D. (2007). The kidney transplant recipient with hepatitis c infec‐
tion pre- and posttransplantation treatment. American society of nephrology,
doi:CJN.02930806, 2, 563-575.

[65] Toth, C. M, Pascual, M, Chung, R. T, et al. Hepatitis C virus-associated fibrosing cho‐
lestatic hepatitis after renal transplantation: response to interferon-alpha therapy.
Transplantation (1998).

[66] Watashi, K, Hijikata, M, Hosaka, M, et al. Cyclosporin A suppresses replication of
hepatitis C virus genome in cultured hepatocytes. Hepatology (2003).

[67] Zylberberg, H, Nalpas, B, Carnot, F, et al. Severe evolution of chronic hepatitis C in
renal transplantation: a case control study. Nephrol Dial Transplant (2002).

[68] Zylberberg, H, Nalpas, B, Carnot, F, et al. Severe evolution of chronic hepatitis C in
renal transplantation: a case control study,” Nephrology Dialysis Transplantation,
(2002). , 17(1), 129-133.

Hepatitis C Infection in Kidney Transplantion
http://dx.doi.org/10.5772/55648

247



Chapter 12

Kidney and Pancreas Transplantation: The History of
Surgical Techniques and Immunosuppression

Jean-Paul Squifflet

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/55347

1. Introduction

Pancreas Transplantation aims at providing Beta cells replacement in diabetic patients,
especially for type 1 diabetes recipients in whom Beta cells had been destroyed by an autoim‐
mune process. The final achievement is to restore a normal physiological control of glucose
metabolism in order to halt or reverse the secondary complications of diabetes i.e. retinopathy,
neuropathy, nephropathy, micro – and macro - angiopathy [1]. That can be achieved by a
vascularised pancreas graft (referred as Pancreas Transplantation, PT) or by islet grafting
(referred as Islet Transplantation, IT). The former PT includes transplanting 95% of unuseful
cells, the exocrine part from one pancreas, while the last one IP, embolizing into the recipient
liver, Islets of Langerhans after digestion and purification of several human pancreases. Three
types of PT can be performed: the pancreas and a kidney are simultaneously transplanted with
a single induction of immunosuppression (IS) therapy in hoping to correct both uremia and
diabetes mellitus (SPK = Simultaneous Pancreas and Kidney Transplantation); the pancreas is
transplanted after a successful kidney graft allowing two induction therapies along with the
basic IS treatment (PAK = Pancreas After Kidney Transplantation) ; and finally the Pancreas
can be transplanted alone in pre-uremic recipients with unawareness hypoglycaemic events
or with rapidly evolving secondary complications of diabetes such as proliferative retinopathy,
or advanced neuropathy (PTA = Pancreas Transplantation Alone) [1].

Moreover, in SPK, both organs the Pancreas and the Kidney are procured from the same
deceased donor, either donor after brain death (DBD) or donor after cardiac death (DCD). In
some US institutions, a segmental pancreas and the left kidney, are procured in a living donor
[2], using a laparoscopic approach in the more recent year [3]. For PAK, in order to avoid an
excessive IS load and two induction therapies, other institutions had proposed whenever
possible to keep in stand-by the potential live kidney donor until a cadaver whole pancreatic

© 2013 Squifflet; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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compatible graft is available [1]. By contrast, the number of PTA remains limited in non uremic
recipients with life-threatening complications of diabetes, in whom one might hope to avoid
the hypoglycaemic events with a successful graft. That can also be achieved with IT. But except
for rare cases, insulin independence with IT requires more than a single human pancreas and
is limited over time [1]. Moreover, IT needs costly materials, chambers and rooms for prepa‐
ration. That’s why IT will not be included in the present report.

2. The history of surgical techniques in pancreas transplantation

The first pancreas transplantation performed by W. Kelly and R. Lillehei on December 17, 1966
at the University of Minnesota was a duct ligated segmental graft which was implanted in the
left iliac fossa along with a kidney coming from the same cadaver donor in a 28 year old female
uremic recipient with type 1 diabetic nephropathy [4]. It was the first ever SPK (Fig 1). The
recipient was insulin-free for six days; later she needed exogenous insulin, the need being
attributed to the high doses of steroids given to prevent rejection. However, she also developed
graft pancreatitis, that was most likely related to duct ligation, and for which she received 950
Rads graft irradiation. On February 14, 1967, Kelly and Lillehei removed the pancreas and
rejected kidney. The recipient died from pulmonary embolism 13 days after pancreas graft
removal [4]. This first case exemplified many of the problems that were associated with TP
over the following 2 decades: surgical complications, wound infections, and graft rejection.

Figure 1. Drawing of the first segmental pancreas transplant (from Kelly et al.) [4].

Lillehei was the lead surgeon in the second pancreas transplant, also done with a kidney (Fig
2). He went on to do a total of 13 cases between the first case of Kelly and 1973, 9 with a kidney
and 4 without [5, 6]. Significant changes in surgical techniques were made between the first
and the second transplant pertaining to graft size (whole organ versus segmental) and duct
management (cutaneous duodenostomy versus duct ligation). Lillehei transplanted the
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donor’s whole pancreas and attached duodenum extraperitoneally to the 32-Year-old recipi‐
ent’s left iliac fossa (Fig 2). This transplant achieved a more prolonged state of graft function,
but rejection treatment had to be instituted three and eight weeks post-transplant. Both
rejection episodes affected the graft duodenum. The recipient was on insulin when she died
four months post transplant from sepsis.

Figure 2. Drawing of the first whole pancreas transplant with cutaneous graft duodenostomy (from Lillelei et al.) [5]

After that series of 13 Pancreas Transplants, R. Lillehei concluded that most complications were
associated with kidney graft rejection without pancreas rejection and recipient death [5, 6, 7].

After the first four pancreas transplants at the University of Minnesota, the next four trans‐
plants were performed in South America in 1968; [8, 9, 10]; three were performed in Brazil and
one in Argentina at the Buenos Aires Hospital. Only one functioned sufficiently to induce
insulin-independence and was subsequently lost to rejection at 4 months. [10].

In 1969, two other U.S. institutions performed one SPK transplant each: one at the University
of Colorado (Fred Merkel and Thomas Starzl) and one at the University of California, Irvine
Medical Center (John Connolly). [8, 11]. The first pancreas transplant in Europe, along with a
kidney transplant, was performed in 1972 at Guys Hospital, in London, U.K. (Mick Bewick). [8].

By the 1970s, only 25 pancreas transplants had been performed at six institutions worldwide.
Two-thirds of those early pancreas transplants were done along with a simultaneous kidney
transplant. Exocrine secretions had been drained by duct ligation, cutaneous duodenostomy,
or enteric drainage using a Roux-en-Y loop. Of these 25 grafts, only one, from Lillehei’s original
series, functioned for almost one year, and none for more than one year.

On November 24, 1971, Marvin Gliedman at Montefiore Hospital and Medical Center in New
York performed the first pancreas transplant using urinary drainage via the native ureter [12].
Gliedman and associates performed a total of 11 ureteral pancreas transplants in the early
1970s (Fig 3) with one graft functioning for 22 months and another for 50 months – at that point
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Figure 1. Drawing of the first segmental pancreas transplant (from Kelly et al.) [4].
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the longest pancreas graft survival recorded. [13, 14]. However, ureteral drainage did not find
widespread application because of tenuous leakage-prone duct-to-ureter anastomosis; leakage
from the pancreas cut surface; and the potential need for ipsilateral native nephrectomy. The
main conclusion drawn from that original and historical series was the probable evidence of
a hierarchy in rejection, the pancreas being less antigenic than the kidney the latter being less
antigenic than the duodenum [15]. Therefore, surgical techniques using a segmental pancreatic
graft (body and tail) were developed during the next decade.

Figure 3. Ureteral pancreas transplant according to Gliedman et al [12] end-to-end distal ureter to pancreatic duct
anastomosis.

2.1. The segmental pancreas transplantation reign (from mid 70’s to mid’s 80’s)

In the mid 70’s, the segmental pancreas while avoiding the duodenal segment was the most
popular technique used for PT [6, 7]. Various procedures were proposed to drain the exocrine
secretion: the duct could be left opened with the segmental graft placed intraperitoneally (Fig
4) [16] or blocked by an intraductal injection (Fig 5) of either Neoprene (J.M. Dubernard) [17] or
Prolamine (W. Land) [18] or Polyisoprene (P. Mc Master) [19] or Silicone (D.E.R. Sutherland) [20].
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Figure 4. Technique for revascularization in the recipient of a segmental pancreas graft. The celiac axis (on a Carrel
patch) and portal vein of the graft are anastomosed to the commun iliac vessels of the recipient through the meso-
sigmoid [16].

Figure 5. Injection of a synthetic polymer into the duct of a segmental pancreas graft following revascularization. Ap‐
proximately 4-6 ml of the polymer is injected, followed by ligation of the duct [17-20].
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Twelve intraperitoneal open-duct segmental pancreas transplants were performed at the
University of Minnesota in a two-year period [16]; four were rejected within 4 months; 3 had
to be removed because of peritonitis or ascites. The latter recipient lived insulin-independent
for 18 years until in 1996 she died from a trauma, with a functioning graft, the longest duration
of function at that time [21].

By contrast the duct occlusion technique became more popular despite numerous leaks,
pancreatic fistulae, graft pancreatitis and vascular thrombosis. For managing these complica‐
tions, Dubernard et al. [17, 7] proposed the omentoplasty in warping the duct-occluted
segmental pancreas with the omentum, while Calne et al. [6, 7] was performing an A-V fistula
at the distal end of the pancreas tail (Fig 6; panels A and B).

(a) (b) 

Figure 6. Panel (a): omentoplasty according to Dubernard et al.[7, 17]. Panel (b): AV fistula between the distal splenic
artery and vein according to Calne et al. [6, 7].

During the late 70’S, three major events occurred that contributed to the development of
PT.
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Firstly, in 1979, the clinical use of Cyclosporine A (CsA) by R. Calne et al. [22] as the single
immunosuppressant in 36 recipients of cadaveric organs. CsA remained the basic immuno‐
suppressive (IS) drug up to the early 90’S.

Secondly, in 1980, the organization by J.M. Dubernard in Lyon, France, of the first pancreas
transplantation  meeting,  launching  the  International  Pancreas  (and  Islet)  Transplant
Registry (IPTR) which was handled by D.E.R.  Sutherland at  the University of  Minneso‐
ta [23].

Thirdly and finally, in 1981, the first of a series of 5 workshops – called the Spitzingsee Meeting
– organized by W. Land in Kühtai, Austria [24]. The characteristics of these workshops
consisted in gathering the world pioneers in PT and allowing them to discuss on not only the
successes but also the failures, finding ways to prevent them or improve the results [25]. These
meetings were also the basis of creating the International Pancreas and Islet Association
(IPITA) and later on, in Europ, the European Study Group in Simultaneous Pancreas and
Kidney Transplantation (EuroSPK) [25]. More recently, was created the EPITA, the European
Pancreas and Islet Transplantation Association [25].

During one of these workshops, H. Sollinger [26] had the idea to renew an old technique
and divert the exocrine secretion of the pancreas into the bladder (Fig 7), while G. Tyden
[27] and C. Groth [28] were proposing the enteric drainage (Fig 8).  Slowly, both groups
moved from the segmental graft [28] to the whole pancreas graft along with a duodenal
segment (Fig 9) [26, 27].  This announced the end of the segmental transplantation reign.
In  the  mean  time,  on  November  10,  1982,  the  first  pancreas  transplantation  was  per‐
formed in Belgium by J.P. Squifflet and G.P.J. Alexandre [7]. The recipient was a 29 year
old female with a 26 year history of type 1 diabetes. She was on peritoneal dialysis since
one  year  and  switched  to  hemodialysis  a  month  before.  She  received  a  simultaneous
pancreas and kidney transplants from a 22 year old female cadaver donor who died in a
car accident from a head trauma. The recipient did not share any HLA antigen with the
donor.  She received a segmental  pancreas graft,  anastomosed on a Roux-en-Y loop (Fig
10), according to the technique described by Groth et al. (Fig 8) [23]. The immunosuppres‐
sive therapy consisted in a short course of antilymphocytic globulins induction along with
cyclosporine A and steroids. She was one of the first few patients who received cyclospor‐
ine A in Belgium, at a dose a 14 mgr/kg/day. Following an episode of delayed graft function
of the kidney, she fully recovered and was insulin free for a period of 2 years. Than insulin
resistance was noticed along with an increase of 15 kg in body weight. Despite Cyclospor‐
in and steroids dose reduction and the introduction of azathioprine, insulin therapy was
resumed. She eventually went back on hemodialysis 8 years later and died in June 1992
while waiting for a second kidney transplant. The choice of the surgical technique and IS
was  based on animal  experiments  [29–32]  but  also  on  the  fact  that  segmental  pancreas
transplantation was more popular during that period.
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Figure 7. Exocrine secretion of segmental grafts drained directly into the bladder, as first described by Sollinger et al. [26].

Figure 8. Enteric drainage of a segmental pancreas graft to a Roux-en-Y limb of recipient jejunum. The temporary
external drainage of the pancreatic duct secretions to the catheter brought to the Roux-en-Y loop and the abdominal
wall is illustrated [28].
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2.2. The whole pancreas transplantation reign (from mid 80’s)

Thus, in the mid 80’s, whole pancreas transplantation with a duodenal segment became the
gold standard surgical procedure.

In 1987, Nghiem and Corry at the University of Iowa described the technique of bladder
drainage via a graft-to-recipient duodeno-cystostomy for whole pancreaticoduodenal grafts
(Fig 9) [33]. Most U.S. and European centers quickly adopted bladder drainage via the graft
duodenum. For SPK transplants, the dominant reason to use bladder-drainage was to reduce
the risk of anastamotic leaks, since rejection could be monitored by serum creatinine. For
solitary pancreas transplants, bladder-drainage had the advantage of urine amylase monitor‐
ing for rejection.

Figure 9. Pancreaticoduodenal transplantation with bladder drainage. A side-to-side anastomosis of the duodenal
segment is made to the dome of the bladder [33].

In the mid 80’s, Starzl [34] and associates reintroduced in U.S.the technique of enteric-drained
whole-organ pancreaticoduodenal transplants, as originally described by Lillehei while the
Stockholm group continued to do enteric drainage by direct duodeno-enterostomy [35]. Nearly
everyone was convinced that whole pancreaticoduodenal transplants were preferable for PT
from cadaver donors, and after en – bloc liver and pancreas procurement (Fig 11), transplant
surgeons designed methods for reconstructing the vasculature to both organs (Fig 12) [36 - 39].
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a: drawing of the procedure.
b: the segmental pancreas graft.
c: the end-to-end pancreas graft anastomosis to the Roux-en-Y loop.
d: the anastomosis suture was protected by a catheter inserted into the pancreas duct.

Figure 10. Segmental pancreatic transplant in the first Belgian recipient with enteric diversion of the exocrine secre‐
tion, in a Roux-en-Y loop.

From the mid-80s to the mid-90s, bladder drainage became the most common technique
worldwide (Fig 9). However, because of chronic complications of bladder drainage (urinary
tract infections, cystitis, urethritis (Fig 13), reflux pancreatitis, hematuria, metabolic acidosis
and dehydration from fluid and bicarbonate losses), leading to conversion to enteric drainage
in approximately a quarter of the recipients, in the mid-1990s, surgeons began to shifted to
primary enteric drainage (Fig 14), not only for SPK transplants, but at some institutions also
for solitary pancreas transplants [40].
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Figure 11. Maneuvers for en-bloc removal of a whole pancreas and a liver from a cadaver donor with normal vascular
anatomy.The gastroduodenal artery must be divided so that the common and proper hepatic arteries can remain in
continuity and be retained with the liver. The portal vein is divided just superior to the entrance of the splenic vein.
Then, the pancreatic portion is lengthened by an iliac vein graft. The celiac and superior mesenteric arteries can re‐
main with the pancreas with a Carrel aortic patch. [38]

LHA = left hepatic artery.
GDA = gastroduodenal artery
SA = splenic artery
SMA = superior mesenteric artery.[39]

Figure 12. Whole-pancreas procurement and reconstruction of its arterial supply in a donor with a replaced / accesso‐
ry right hepatic artery (R / A RHA).
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Figure 13. Chemical urethritis in a pancreas recipient with bladder drainage of the exocrine secretion (Panel (a)). CT
scan: same recipient (Panel (b)).
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Figure 14. Pancreaticoduodenal transplantation with enteric drainage. A side-to-side anastomosis of the duodenal
segment is made to the distal ileon, or the proximal jejeunum. It can also be performed on a Roux-en-Y loop [35].

2.3. The modern era of surgical techniques

Either enteric or bladder drainage is now done for virtually all pancreas transplants using a
whole pancreas graft with a duodenal segment. The other techniques are virtually never used
unless for salvage of a technical situation (e.g., duct injection might be used to manage a leak).
With regard to the venous drainage of pancreas grafts, portal would be the most physiological
but the systemic venous system was only accessed during the first two decades. Later on, the
use of portal drainage at the junction of the recipient’s superior mesenteric and splenic vein
was favored in recipients of enteric drained whole-organ pancreaticoduodenal transplants
(Fig 15). Surgeons reported on its metabolic and possible immunologic advantage, features
also noted at the University of Maryland, where a large program existed of conversion to
almost exclusive portal drainage [41]. By the end of the 1990’s, almost 20 % of pancreas
transplants in U.S. and in Europe were being done with portal drainage but the proportion
did not increase nearly as much as the proportion of pancreas grafts that were enteric drained,
reaching over 80 % for solitary in U.S. and over 90 % for SPK transplants in Europe (Fig 16).
Early diagnosis of pancreas rejection had been difficult from the beginning, in particular for
solitary pancreas transplants where serum creatinine could not be used as a surrogate marker
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like in SPK. That’s why there is still room for improvement in surgical techniques. In order to
have easy access to the graft for performing biopsies, De Roover et al. [42] proposed recently
a technical modification and a side-to-side duodeno-duodenal (D-D) anastomosis while using
a whole pancreaticoduodenal transplant with the venous effluent drained into the portal
system of the recipient (Fig 17, 18). It offers serial sampling of the duodenal transplant mucosa
by simple fibroscopies, a useful tool for monitoring rejection (Fig 18, Panel B). The duodenal
anastomosis can be hand-made or performed using a stapler device. But the major drawback
of both techniques could be the management of duodenal leaks on graft thrombosis. Our
experience in 11 pancreas recipients at the University of Liege, CHU Sart Tilman is summarized
in table 1. Peri-pancreatic collections, with or without pancreatitis were managed by surgical
exploration and drainage. So far, only one graft thrombosis (PTA) needed prompt removal but
was followed by a duodenal leak with cutaneous fistula which required weeks before healing
(table 1). Therefore, prospective studies will be useful to specify the place of the D-D and each
particular surgical suturing technique.

Figure 15. Pancreaticoduodenal transplantation with enteric drainage and portal drainage at the junction of the re‐
cipient’s superior mesenteric and splenic veins [41].
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Figure 17. Pancreaticoduodenal transplantation with portal drainage and side-to-side recipient duodenal drainage of
the exocrine secretion [23]: schematic representation and positioning.

(a) 

(b) 

Figure 18. Pancreaticoduodenal transplantation with portal drainage and side-to-side recipient duodenal drainage of
the exocrine secretion [23]: Panel (a): per operative view Panel (b): endoscopic view of the duodenum
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 PTA hand-made (n=7): 
 Peri-pancreas hematoma + 

inflammatory syndrome (1)* 
 Graft thrombosis (1)*
 Pancreatitis + peri-pancreas 

fluid collection due to partial 
necrosis of pancreas (1)*

 PTA stapler (n=0)

 SPK hand-made (n=1): no.
 SPK stapler (n=3)

 Peri-pancreas fluid 
collection + inflammatory 
syndrome (1)*

 Digestive hemorrhage due 
to ulcers of the donor 
duodenal stump (1)

 Surgical exploration + 
drainage 

 Transplantectomy 
 Surgical exploration + 

drainage 

 Surgical exploration + 
drainage 

 Conservative 
treatment+transfusion 

Table 1. Complications and outcome in 11 recipients of whole pancreas grafts with duodeno-duodenostomy, at the
University of Liege, CHU Sart Tilman. The D-D anastomosis was hand-made (n=7) or using a stapler device (n=4)

3. The history of immunosuppression in pancreas transplantation

Advances in immunosuppressive protocols and the introduction of new immunosuppres‐
sants have had a major impact on and improved outcome after PT. As already mentioned,
in 1979, Calne and associates first reported the successful use of cyclosporine in two pancreas
recipients [22]. Due to the large dose of CsA used as a single agent and its nephrotoxicity,
Starzl et al. proposed to combined reduced doses of CsA with steroids [43]. Further decreased
in CsA dosages by using the synergistic effect of combining CsA to Aza was proposed by
Squifflet et al. based on animals experiments [29, 44]. Triple drugs combining CsA, Aza and
Steroids and later on quadruple drugs regimen with a short course induction of polyclonal
Antibodies was the mainstay IS regimen during the next decade [21]. Starzl and his team
first  reported  the  use  of  Tacrolimus  (Tac)  in  pancreas  allograft  recipients  during  the
investigative period in 1989. [45] After approval, the first report on the use of Tac for pancreas
transplantation  was  by  D.  Shaffer  and  associates,  successfully  reversing  ongoing  acute
rejection in two SPK recipients. [46].

A major topic of the 4th Spitzingsee Workshop (January 30 – February 02, 1997; Kühtai, Austria)
was the IS therapy in PT [25]. At that time, the newly introduced agent mycophenolate mofetil
(MMF) was proved to be superior to azathioprine (Aza) for the prevention of acute rejection
in kidney transplantation patients [47]. Data comparing Tac with the old (oil-based) formula‐
tion of CsA were also available in kidney transplantation, but there were some concerns about
Tac having a diabetogenic effect [48], specially for pancreas. A preliminary study investigating
the use of Tac in pancreatic transplantation, which was published by Gruessner et al., showed
that pancreatic graft survival at 6 months post transplant was higher with Tac (79%) than in a
historical group of SPK recipients treated with the oil-based formulation of CsA (65%; p = 0.04)

Current Issues and Future Direction in Kidney Transplantation266

[49]. During the same era, the new micro-emulsion (Me) formulation of CsA (CsA – Me) had
been introduced into clinical practice.

At that period, all European participants to the meeting were performing a limited number of
SPK per centre. All realized that local studies would not aim solving the IS problems. Therefore
W. Land took the opportunity to propose them the first large international prospective
multicentre study in the field of PT, comparing Tac to the new CsA – Me, along with MMF,
corticosteroids and a short course of induction therapy with Rabbit – antithymocyte globulines
(R-ATG, Fresenius, Germany).

The rationale for induction therapy using anti-T-cell agents was triple: minimizing the risks
of early rejection episodes, accelerating recovery of renal and pancreatic allograft function
(protection against the ischemic reperfusion injury) and perhaps, inducing a tolerogenic effect
to donor alloantigens. Before 1994, choices of maintenance IS agents were limited to a “one
size fits all” approach with the combined use of Cyclosporin A (CsA), azathioprine (Aza) and
corticosteroids. But, with that regimen, rejection rates were about 75 % to 80 %, with a rate of
25 % to 30 % of recurrence. Therefore, during the early 90’s anti-T-cell induction was auto‐
matically added in all 3 categories of pancreas transplantation (Fig 19, Panel B). The choice of
the anti-T-Cell agent was based more on its accessibility than on any rationale or scientific
approach; the anti-T-Cell agents which were used are: MALG®, OKT3®, ATGAM®, R-ATG®,
Simulect®, Zenapax®, Thymoglobulin®, Campath®. During the CsA era, single centre studies
emphasized the benefit of Quadruple over Triple therapies [50, 51]. Other comparative studies
underlined the best efficacy of ATG over OKT3® and MALG® [52 - 54]. During the modern
era, during which most centres were using Tacrolimus (Tac), Mycophenolate Mofetil (MMF)
and corticosteroids for maintenance therapy, Kaufman et al. designed several multicenter
studies [55, 56] in which they confirmed the usefulness of induction therapy in PT. By contrast,
the place of Campath®, still remains to be confirmed [57].

The results of the first Euro-SPK study were encouraging [58]. The 1-year incidence of biopsy-
proven acute rejection of the kidney or pancreas was lower with Tac (27.2 %) than with CsA-
Me (38.2 %; p = 0.09). Pancreatic graft survival at 1 year was significantly higher with Tac
(91.3 %) than with CsA-Me (74.5 %; p = 0.0014). Kidney graft survival was similar in the two
groups [58].

At 3 years, fewer patients receiving Tac (36.9 %) than CsA-Me (57.8 %) were discontinued from
treatment (p = 0.003). The initial episodes of biopsy proven rejection were moderate or severe
in just one out of 31 (3 %) Tac-treated patients compared with 11 of 39 (28 %) patients receiving
CsA-Me (p = 0.009).

While 3-year patient and kidney survival rates were similar in the two treatment groups,
pancreas survival was superior with Tac (89.2 vs 72.4 %; p = 0.002). Thrombosis resulted in
pancreas graft loss in 10 patients receiving CsA-Me and in only 2 treated with Tac (p = 0.02).
The overall incidence of adverse events was similar in both groups, but MMF intolerance was
more frequent with Tac whereas hyperlipidaemia was more frequent with CsA-Me. Acute
rejection was more common among CMV-infected patients (66 vs 41 % without infection; p =
0.001) and in those not receiving ganciclovir prophylaxis [48, 58].
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in 1979, Calne and associates first reported the successful use of cyclosporine in two pancreas
recipients [22]. Due to the large dose of CsA used as a single agent and its nephrotoxicity,
Starzl et al. proposed to combined reduced doses of CsA with steroids [43]. Further decreased
in CsA dosages by using the synergistic effect of combining CsA to Aza was proposed by
Squifflet et al. based on animals experiments [29, 44]. Triple drugs combining CsA, Aza and
Steroids and later on quadruple drugs regimen with a short course induction of polyclonal
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transplantation  was  by  D.  Shaffer  and  associates,  successfully  reversing  ongoing  acute
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and corticosteroids for maintenance therapy, Kaufman et al. designed several multicenter
studies [55, 56] in which they confirmed the usefulness of induction therapy in PT. By contrast,
the place of Campath®, still remains to be confirmed [57].

The results of the first Euro-SPK study were encouraging [58]. The 1-year incidence of biopsy-
proven acute rejection of the kidney or pancreas was lower with Tac (27.2 %) than with CsA-
Me (38.2 %; p = 0.09). Pancreatic graft survival at 1 year was significantly higher with Tac
(91.3 %) than with CsA-Me (74.5 %; p = 0.0014). Kidney graft survival was similar in the two
groups [58].

At 3 years, fewer patients receiving Tac (36.9 %) than CsA-Me (57.8 %) were discontinued from
treatment (p = 0.003). The initial episodes of biopsy proven rejection were moderate or severe
in just one out of 31 (3 %) Tac-treated patients compared with 11 of 39 (28 %) patients receiving
CsA-Me (p = 0.009).

While 3-year patient and kidney survival rates were similar in the two treatment groups,
pancreas survival was superior with Tac (89.2 vs 72.4 %; p = 0.002). Thrombosis resulted in
pancreas graft loss in 10 patients receiving CsA-Me and in only 2 treated with Tac (p = 0.02).
The overall incidence of adverse events was similar in both groups, but MMF intolerance was
more frequent with Tac whereas hyperlipidaemia was more frequent with CsA-Me. Acute
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0.001) and in those not receiving ganciclovir prophylaxis [48, 58].
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There were no differences in 3-year kidney pancreas or patient survival between the 0-3 and
4-6 HLA antigen mismatch (MM) groups. Significantly more patients with 0-3 MM (66 %) were
rejection-free at 3 years compared to those with 4-6 MM (41 %; p = 0.003). The relative risk of
acute rejection was 2.6 times higher among patients with 4-6 MM than among those with 0-3
MM [48].

In summary the Euro-SPK study findings provided evidence to support the use of Tac in
patients undergoing SPK transplantation.

A second SPK study addressed the issue of the choice of the antiproliferative agent which could
be associated to Tac, either MMF or rapamycine (Rapa). Preliminary one and three year results
demonstrated more frequent study withdrawal in the Rapa group, due to toxicity [59].

More than 60 % of those patients were rejection free at 1 year. Adequate kidney and pancreas
functions were also achieved in both groups while the serum creatinine level was significantly
lower in the Rapa group from month 2, the price to pay being hyperlipidemia, delayed wound
healing, lymphocoele or hernia.

Corticosteroid withdrawal was possible in both studies in 70 % and 50 % of recipients
respectively. Therefore, it can be concluded that steroid withdrawal is feasible in SPK trans‐
plantation but not in all patients; further studies must be designed to address that issue
completely.

4. Conclusion

The current gold standard IS therapy for all three categories of pancreas transplantation
includes induction with polyclonal antibodies and for the maintenance therapy, association of
Tac with either MMF or Rapa, the last drug being less popular at least during the first
postoperative period due to its possible side-effects (Fig 19).

Based on that potent IS therapy, functional results and patient survival rates of PT are coming
closer to those currently achieved in kidney transplantation (Fig 20).

SPK transplantation remains the best therapeutic approach for type 1 diabetic recipients with
(pre) end-stage renal failure (creatinine clearance < 50ml/min), up to 55 years of age, without
any cardiovascular risk. They have three options: either waiting for the 2 grafts coming from
the same -cadaver or live- donor, or one graft –usually the kidney – coming from a live donor
who is in stand-by while waiting for the pancreas from a cadaver donor.

PAK can be offered to diabetic recipients who had the opportunity of having a live donor for
kidney transplantation.

For other type 1 diabetic recipients, with (pre) end-stage renal failure, more than 55 years of
age, with cardiovascular risk factors, they have 2 options: either receiving a kidney transplant
alone (and eventually waiting for islet cells) or waiting for a simultaneous islet and kidney
transplantation from the same cadaveric donor.
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PTA should be considered for selected type 1 diabetic candidate without nephropathy, with

hypoglycemia unawareness syndrom, with proliferative retinopathy. These candidates could

be also candidates for islet transplantation, knowing the fact that they will be submitted to the

same IS therapy and its long term deleterious side-effects in both options, they might also know

that, with islet insulin independence is not always achieved.
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Figure 20. International Pancreas Transplant Registry* Panel (a): Patient survival in US primary pancreas transplants
between 1/1/2007 and 12/31/2011. Panel (b): Pancreas graft function in all 3 categories (SPK, PAK, PTA). Panel (c):
One year pancreas and kidney graft function in US primary pancreas transplants, between 10/1/1988 and
12/31/2011.
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Figure 20. International Pancreas Transplant Registry* Panel (a): Patient survival in US primary pancreas transplants
between 1/1/2007 and 12/31/2011. Panel (b): Pancreas graft function in all 3 categories (SPK, PAK, PTA). Panel (c):
One year pancreas and kidney graft function in US primary pancreas transplants, between 10/1/1988 and
12/31/2011.
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1. Introduction

Be a mother is natural desire in female belonging to any community world over. In most cul‐
tures, pregnant women have a special status in society and receive particularly gentle care. At
the same time, they are subject to expectations that may exert great psychological pressure,
such as having to produce a son and heir, and some societies increase female population to
fulfill this demand. Rate of ovulation and thus fertility is decreased in female with end stage
renal disease, even if pregnancy occurs in dialysis population, only about 23 % were successful
till 1980s (European registry). Whereas, after successful renal transplantation not only fertility
rate increases with reemergence of better ovulation, but rate of successful childbirth also in‐
creases to 70- 80 % (Naqvi 2006,Thopmson 2003).

In this chapter, we aim to review the course of pregnancy and its outcome in renal allograft
recipients, in backdrop of different social and cultural values, which we face in this part of
world.

2. Status of pregnancy related issues in country

The 2006-07 Pakistan Demographic and Health Survey (PDHS) was undertaken to address the
monitoring and evaluation needs of maternal and child health and family planning programs.
In 1992-96 marital fertility; reported as 7.6 children per married woman, with a decline of one
child over the past decade, PDHS data 2006-2007 reports 6.6 children per married woman.
Eight percent of ever-married women report that they had a miscarriage in the past five years;
about 2 percent said they had an abortion, and 3 percent reported having a stillbirth. For the
most recent five-year period preceding the survey, infant mortality is 78 deaths per 1,000 live
births. In interpreting the mortality data, it is useful to keep in mind that sampling errors are
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distribution, and reproduction in any medium, provided the original work is properly cited.
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quite large. For example, the 95 percent confidence intervals for the under-five mortality esti‐
mate of 94 per 1,000 are 86 and 103 per 1,000 indicating that, given the sample size of the 2006-07
PDHS, the true value may fall anywhere between 86 and 103 per 1,000 births. As observed in
most studies, the mother’s level of education is strongly linked to child survival. Higher levels
of educational attainment are generally associated with lower mortality rates because educa‐
tion exposes mothers to information about better nutrition, use of contraceptives to space
births, and knowledge about childhood illness and treatment. Similarly, childhood mortality
rates decline as the wealth quintile increases. Only 34 percent of births in Pakistan take place
in a health facility. Eleven percent is delivered in a public sector health facility and 23 percent
in a private facility. Three out of five births (65 percent) take place at home. (Pakistan Demo‐
graphic and Health Survey 2006-07, National Institute of Population Studies Islamabad, Paki‐
stan. Macro International Inc. Calverton, Maryland USA, published June 2008)

The incidence of low birth weight (defined <2.5 Kg by WHO) in general population reported
as high as 31% from South Asia (Badshah, 2008) and 33.9% reported from West Bengal, India.
(Pahari 1997)

3. Status of renal transplant in country

The incidence of ESRD in Pakistan and neighboring country India would be expected to be
higher since poor socioeconomic status predisposes the population to a number of infection-
related glomerulonephritides and the incidence of nephrolithiasis is higher in both countries
as they fall in a ‘‘stone belt.’’(Sakhuja, 2003) In addition 6.9 million people in country are af‐
fected by diabetes with the International Diabetes Federation estimating that this number will
grow to 11.5 million by 2025. With low literacy rate and poor health facilities complications
and end organ failure with diabetes and hypertension are more prevalent. If the incidence of
ESRD is indeed 100 patients per million population per year, this would mean 18,000 patients
for a population of 180 million in Pakistan. There are very few state run dialysis centers and
most of them are small units with minimal care facilities, < 5 dialysis stations. The number of
patients maintained on dialysis is likely to be < 50 patients per million population since few
patients can afford this form of therapy. Sindh Institute of Urology and Transplantation (SIUT)
is a semi government organization in country which cater largest population of patients suf‐
fering from any kind of kidney ailment. It is running largest hemodialysis and live related
renal program not only in country but the region. This organization is unique in terms of
providing free health care services to all, be it pre operative preparation, surgical procedure,
life long follow up and immunosupression. (www.siut.org) Because of lack of state provided
health facilities number of patients seen and treated at this hospital is beyond imagination and
for same reason patients do comply during follow up and long term data from this institution
is more reliable and representative.

Renal transplant started in country in 1979 from living related donors, initially the activity was
as low as < 50 /year, which rose to about 2500 kidney transplants / year in 2007. Most of these
were unrelated donor transplants done at private sector. In March 2010 Pakistan was fortunate
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to have been able to pass a viable and authentic transplant law and activity of unrelated donor
transplant decreased. Deceased donor transplant yet has to take off in country, though few
have been done from non heart beating donors, organs supplied by Euro-transplant founda‐
tion and five local deceased donors.

4. End Stage Renal Disease (ESRD) affecting fertility

Female with ESRD have hypothalamic-pituitary-gonadal dysfunction, associated with high
follicle stimulating hormone, luteinizing hormone and prolactin levels. Ovulation is sup‐
pressed and mensturation is irregular. Additionally there is sexual dysfunction, suppressed
desire and associated psychological factors resulting from chronic ailment. Women on dialysis
if conceive present with challenges of worsening of blood pressure controls and anemia, and
higher incidences or pre-eclampsia. In 1980, the European Dialysis and Transplant Association
reported that only 23% of 115 pregnancies in dialysis ended with surviving infants (European
Registry). In 1998, Bagon et al. described a national survey showing a successful outcome in
approximately half of the pregnancies in dialysis patients. There are few case series in the new
millennium, mainly from single experienced centers, many of which report a successful out‐
come rate of >70% (Romao 1998, Barua 2008). Our own experience is limited with very poor
outcome. (Unpublished)

5. Pregnancy post transplant

Reversal of normal endocrine function has been reported within 4-6 months after renal trans‐
plantation. (Ha 1991, Ghafari 2008, McKay 2008) Thus kidney transplant offers best hope for
ESRF patients who keen to conceive. First pregnancy in renal transplant recipient was reported
by Murray in 1963, since then there are many published reports focusing on impact of preg‐
nancy on renal graft outcome with a conclusion that pregnancy does not have an adverse effect
on graft function provided recipient has stable graft function and no adverse event happens
during pregnancy. (Table)

6. Optimal timing for pregnancy post transplant

Most transplant centers advise that women can conceive after 2 years of transplant provided
graft function is stable i.e.  serum creatinine is < 1.5 mg/dl and proteinuria <500 mg/day.
At  that  time,  risk of  acute  rejections generally  low,  immunosuppression has  reduced to
minimal,  prophylactic  anti  bacterial  and  anti  viral  already  completed  and  women  are
usually  stable.  All  pregnancies  should  be  considered  as  high  risk  and  should  be  man‐
aged by multidisciplinary team.
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Author year Duration Country No. of

pregnancies

reported

outcome

Cararach 1993 25 years Spain 133 Abortions 10%

Preterm 46%

Full Term 53%

First 1995 23 years USA 25 Abortions 3

Live births 22

Saber 1995 25 years Brazil 25 Abortions 4

Preterm 14

Full term 7

Sturgiss 1996 23 years UK 18 (compared with

18 non pregnant

controls)

Long term graft survival

compared in two groups.

Tan 2002 14 years Singapore 42 Abortions 10

Still birth 1

Ectopic 2

Armenti 2004 14 years USA NTPR 1125 Abortions 20%

Still births 2.5%

Ectopic 1%

Premature births 53%

Kashanizadeh 2007 6 years Iran 86 Abortions 24

Full term 62

Sibanda 2007 7 years UK Transplant

Pregnancy

Registry

193 Abortions 32

IUDs 3

Ectopic 1

Live Births 149

Draihimh 2008 10 years 5 Middle East

Countries

234 Abortions 19.3%

Still births 7.3%

Live births 74.4%

Naqvi 2010 24 years Pakistan 68 Abortions 15

Preterm 8

Full term 45 (40 live, 5 IUD or

FSB)

Table 1. Published results from world over
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7. Risks for mother

Mothers who are renal transplant recipient have certain risks on graft function and survival.
Many of renal transplant recipients have hypertension and some degree of renal dysfunction
with GFR (Glomerular filtration rate) of not up to the mark, both are affected with pregnancy
and blood pressure medications may require alterations and increment in dosages. Some may
predispose to pre-eclampsia which is difficult to diagnose especially when few of these women
already have some preexisting proteinuria and blood pressure frequently increases after 20th

week of gestation. Poorly controlled hypertension can cause preterm delivery.

Women with preexisting graft dysfunction i.e. serum creatinine of > 1.5 mg/dl are at greater
risk of developing irreversible worsening of graft function. (Davison 1976) Acute rejection can
also occur as blood levels of immunosuppressant may alter with changing volume distribution
during pregnancy, this phenomenon is more relevant with calcineurin inhibitors.(Donaldson
1996) However, available reports indicate that rejection rate in pregnant recipient not differ
from non pregnant recipients. (Armenti 2004) In our experience of 68 pregnancies in renal
transplant recipients, none experienced acute rejection during pregnancy. (Naqvi 2010)

Urinary tract infection rate also increases in pregnant renal transplant recipients, some have
reported as high as 42%. (Oliveria 2007)

The transplant recipient is at increased risk for viral infections, therefore, maternal–fetal trans‐
mission of infectious agents needs to be considered as a potential risk not only to the mother
but also to the fetus. Cytomegalovirus infection is particularly serious because it is associated
with hearing/vision loss and mental retardation and can be transmitted from the mother to the
fetus through a trans-placental route, as well as during delivery or in breast milk in case mother
is feeding to infant. (del Mar Colon 2007, Ross 2006)

Other infections that may pose additional risks in the immunosuppressed mother include
toxoplasmosis, primary herpes simplex infection, primary varicella infection, HIV infection,
and infection with either hepatitis B or C virus (Gardella 2007, Shiono 2007)

As allograft recipients have increased risk for gestational diabetes, some have recommended
that they should be screened every trimester with a 50-g oral glucose load. (del Mar Colon 2007)

8. Risks to fetus

Published reports from UK, USA and European registries persistently highlighted risk of low
birth weight of fetus and pre term delivery in renal transplant recipients. (Sibanda 2007, Ar‐
menti 2004) Willis et al from Australia reported 44% with low birth weight. (Willis 2000) In
our experience we found mean birth weight infants born to transplant recipients was 2.4± 0.57
Kg, with 7 newborns <1.8 Kg. (Naqvi 2010)

Exposure to immunosuppressants: Adrenal insufficiency and thymic hypoplasia have occa‐
sionally been described in the infants of transplant recipients, but these problems are unlikely
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if the dose of prednisone has been decreased to 15 mg (Penn I, 1980). Prednisolone traverses
the placenta but 90 % of maternal dose is metabolized within the placenta and not reaching to
fetus (Blanford 1977). In addition if pregnancy is occurring after 2 years of transplant, recipient
already on very small dose of Prednisolone. Steroids can also aggravate hypertension in moth‐
er; mothers are more prone to infections if steroid dose is still high at time of conception.
Premature rupture of membrane is another complication reported in relation of steroids.
Therefore, it is recommended to get conceive when steroid dose is reduced to minimal. Reports
from azathiaprine era through cyclosporine era have not identified specific malformations
among infants born to transplant recipients (Armenti 2000). Radioactive labeling studies in
humans have shown that 64–93% of Azathioprine administered to mothers appears in fetal
blood as inactive metabolites (Sarikoski S, 1973). Cyclosporine metabolism appears to be in‐
creased during pregnancy and higher doses may be required to maintain plasma levels in the
therapeutic range (Muirhead N, 1992). Data concerning the effect of tacrolimus on pregnancy
is scarce. A report of 100 pregnant women (which included all organ transplant recipients),
among 84 treated with tacrolimus, 68 progressed to a live birth, with 60% of deliveries being
premature (Kainz A, 2000). Teratogenecity of mycophenolate mofetil is not yet confirmed,
therefore it is recommended to switch over to azathiaprine in female who are planning to
conceive. A study has reported low number of T and B cells at birth in infants born to mothers
who were on immunosuppressants, but these were normalized after few months. (Di Paolo
2000) Most published studies related to subject have not described clear cut congenital mal‐
formations or autoimmune disorders to children born to transplant recipients, though sporadic
case reports which could be related to exposure risk of disease in general population.

9. Breast feeding by transplant recipients

Sparse data is available on recommendations for breast feeding from immunosuppressant
mothers. Study published on cyclosporine levels in breast milk reveals cyA levels in milk
equivalent to mother’s serum. (Moretti 2003) This leads to conclusion that females who are on
cyclosporine should not fed their babies, whereas the fact that small amounts of azathiaprine
and Prednisolone are excreted in milk (Coulam 1982) can provide an opportunity to consider
feeding those babies whose mothers are on these two agents only. French et al. reported the
first case of measurement of tacrolimus levels in human milk; suggest that maternal therapy
with tacrolimus may be compatible with breast-feeding. (French 2003). Level of Tacrolimus
was calculated in breast milk in this case but this was single case report. Data on other drugs
is still lacking.

Recommendations

1. preconception counseling is a must

2. good general health for about 2 years after transplant
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3. stature compatible with good obstetric outcome

4. no or minimal proteinuria

5. no hypertension or well controlled blood pressure on one agent

6. consider revising anti-hypertensive regimen when pregnant

7. no evidence of recent graft rejection

8. stable graft function with serum creatinine less than 1.5 mg/dl

9. drug therapy at maintenance levels

10. switch immunosuppressants to milder, e.g. MMF should be converted to AZA, Tacroli‐
mus to CyA and Prednisolone in minimal doses

11. once pregnant, transplant recipient should be seen by multidisciplinary team with a fre‐
quency of 4 weeks during first trimester and 2 weeks later on.
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1. Introduction

Optimizing balance between therapeutic efficacy and the occurrence of adverse events is the
main goal of individualized medicine. This takes even more importance in narrow therapeutic
index drugs such as immunosuppressants. These drugs are highly effective in preventing acute
graft rejection but tacrolimus, cyclosporine and mycophenolic acid show highly variable
pharmacokinetics and pharmacodynamics. Still nowadays the fragile equilibrium between the
risks and benefits of immunosuppression makes the management of immunosuppressive
pharmacotherapy a challenge.

Therapeutic drug monitoring (TDM) is an essential and indispensable instrument for calci‐
neurin inhibitors dosing, reducing the pharmacokinetic component of variability by control‐
ling drug blood concentrations. But TDM is only possible once the drug is administered and
steady state and patient’s compliance are achieved, so complementary strategies are needed.
Moreover, despite correct TDM, it may take several days or even weeks to reach target blood
concentrations. For many patients this time periods are not appropriate in order to achieve
sufficiently high concentrations to prevent graft rejection or adverse reactions or, on the other
hand, without exposing the patient to excessive toxicity. In this sense, Pharmacogenetics is an
interesting approach, helpful to manage immunosuppressant drugs. Changes in expression
or function of proteins and enzymes involved in drug transport, metabolism or mechanism of
action will cause changes in drug’s absorption, metabolism and distribution and, therefore,
can lead to changes in the response and toxicity of the treatment. Characterization of these
genetic variants, mainly Single Nucleotide Polymorphisms (SNPs), can help to establish

© 2013 Herrero et al.; licensee InTech. This is an open access article distributed under the terms of the
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effective doses and to minimize adverse effects. Many publications, including our own, have
found statistically significant correlations between (SNPs) and tacrolimus and/or cyclosporine
dose-corrected blood levels. There are also works correlating certain variants in SNPs with
safety and efficacy of the treatment. Even some researchers, working groups and consortia
recommend guidelines for initial dosing adjust regarding this SNPs.

Pharmacogenetic  tests  are becoming cheaper every day,  so the cost  of  performing these
assays  is  getting  more  assumable,  especially  when  clinically  relevant  complications  are
demonstrated.  The incorporation of  pharmacogenetic  studies  to  the real  clinical  practice
will  depend  on  the  creation  of  well-designed  sets  of  SNPs  that,  in  a  cost-effectiveness
manner,  could correlate  clinical  complications  with genotypes,  taking into  consideration
the whole and complicated treatment in polymedicated patients. Many results contribute
to  highlight  the  need  of  prospective  controlled  studies,  with  pharmacogenetic  analysis
prior to transplantation.  This will  probably be the critical  point for the regulatory agen‐
cies  to  settle  the  most  relevant  polymorphisms  as  validated  biomarkers  to  be  widely
used in the clinical transplantation setting.

For all this reasons, our aim in this chapter is to provide an easy explanation about what a
polymorphism is and an updated view of the most relevant SNPs with evidence of their
implication in safety and efficacy of immunosuppressive treatment in renal transplantation.
The final goal is to give a summary from basic knowledge to concrete examples that help to
improve the medical doctors’ knowledge of the clinical impact of Pharmacogenetics in their
daily practice.

2. Personalized medicine and pharmacogenetics

The term “Personalized Medicine” was not  long ago some “scifi”  concept,  just  express‐
ing the best wishes of the scientific community with an aim of adjusting the pharmaco‐
therapy  as  best  as  possible  to  each  single  patient.  However,  in  the  last  years  we  have
seen real advances in this area that have brought to the real clinical practice in most of
the “first  world” countries,  a  set  of  new analysis  under  the  same principle:  offering an
individualized therapy to each different patient.

In order to understand this new approach in medicine and put it into practice, we necessarily
have to take genetics in consideration, and particularly, we have to pay attention to the
individual differences that make each patient respond in a different way to a given pharma‐
cological treatment. Here, we arrive to the concepts of Pharmacogenetics and Pharmacoge‐
nomics, that can be heard in more and more places each day. They are, and for sure will be,
components to be considered in the medical practice. We can define them in many ways, and
traditionally they have been employed interchangeably although there are differences between
them. They are different but complementary disciplines. The European Medicines Agency,
EMA, takes their definitions from The International Conference on Harmonisation of Technical
Requirements for Registration of Pharmaceuticals for Human Use (ICH), this is a project with
regulatory authorities from Europe, Japan and USA, together with experts from pharmaceut‐
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icals that discusses technical and scientific aspects about the products registries. One of its aims
is to reach a better harmonization in the interpretation and application of technical guides and
requirements for the registries. ICH defines Pharmacogenomics as the study of variations in
DNA and RNA characteristics regarding the response to drugs and it defines Pharmacoge‐
netics as a subset inside pharmacogenomics, that studies the variations in the DNA sequence
regarding the response to drugs [1-5].

There is another term that is also frequently found: biomarker, genetic or genomic biomarker,
whose definition is “a measurable characteristic of DNA and/or RNA which is an indicator of
a biological process that can be normal, pathogenic and/or a response to a therapeutic (or other
kind) intervention. A genomic biomarker could be, for instance, the measuremente of a gene
expression or of its regulation. It can consist in one or more DNA and/or RNA characteristics,
as for instance, in DNA, its single nucleotide polymorphisms (SNPs); the variability in the
repetition of short sequences; the haplotypes; DNA modifications as methilation; the deletions
or insertions of a single nucleotide; the copy number variation; or the cytogenetic rearange‐
ments as translocations, duplications, deletions or inversions. Regarding RNA, it could be a
particular trait of its sequence; the levels of expression; the processing (as splicing and editing);
or the levels of microRNAs. A deeper explanation of some of these terms will be done in the
next paragraph.

The aim of pharmacogenomics is to identify the most important genetic elements in the
instauration and/or evolution of a pathological process in order to create new strategies for
drug evaluation and optimization of the drug development process. These are usually high
throughput studies, regarding the simple number and statistical signification but also very
exigent with the study subject: the final goal is finding correlation with the disease at a genomic
level, not with one single nucleotide but with genes or groups of related genes instead. On the
other side, pharmacogenetics studies the influence of genetic factors on the activity of a drug,
making attention in concrete changes inside a gene that somehow has already been postulated
as a candidate gene, by previous knowledge or by pharmacogenomic studies. Subject of
pharmacogenetic studies are especially, the variants in genes related with transport and
metabolism of drugs, with the aim that specific drugs can be given to specific groups of
genetically defined (or “stratified”) patients [6, 7].

To summarize, pharmacogenetics has to be considered as one of the mainstays of personalized
medicine, which will let us correlate good or bad response to a drug in a specific population
with genetic aspects. It will also let us know which drugs will offer greater therapeutic benefit
or lower risk of adverse reactions development for a given population.

3. What are genetic polymorphisms?

We also must review some other basic concepts in genetics and, extensively, pharmacogenetics
in order to understand the following information. The most relevant one is Polymorphism,
which is defined as a mendelian monogenic character that appears in the population with the
presence of more than one allele in the same genetic locus. Applying the term to pharmaco‐

Practical Pharmacogenetics and Single Nucleotide Polymorphisms (SNPs) in Renal Transplantation
http://dx.doi.org/10.5772/54733

289



effective doses and to minimize adverse effects. Many publications, including our own, have
found statistically significant correlations between (SNPs) and tacrolimus and/or cyclosporine
dose-corrected blood levels. There are also works correlating certain variants in SNPs with
safety and efficacy of the treatment. Even some researchers, working groups and consortia
recommend guidelines for initial dosing adjust regarding this SNPs.

Pharmacogenetic  tests  are becoming cheaper every day,  so the cost  of  performing these
assays  is  getting  more  assumable,  especially  when  clinically  relevant  complications  are
demonstrated.  The incorporation of  pharmacogenetic  studies  to  the real  clinical  practice
will  depend  on  the  creation  of  well-designed  sets  of  SNPs  that,  in  a  cost-effectiveness
manner,  could correlate  clinical  complications  with genotypes,  taking into  consideration
the whole and complicated treatment in polymedicated patients. Many results contribute
to  highlight  the  need  of  prospective  controlled  studies,  with  pharmacogenetic  analysis
prior to transplantation.  This will  probably be the critical  point for the regulatory agen‐
cies  to  settle  the  most  relevant  polymorphisms  as  validated  biomarkers  to  be  widely
used in the clinical transplantation setting.

For all this reasons, our aim in this chapter is to provide an easy explanation about what a
polymorphism is and an updated view of the most relevant SNPs with evidence of their
implication in safety and efficacy of immunosuppressive treatment in renal transplantation.
The final goal is to give a summary from basic knowledge to concrete examples that help to
improve the medical doctors’ knowledge of the clinical impact of Pharmacogenetics in their
daily practice.

2. Personalized medicine and pharmacogenetics

The term “Personalized Medicine” was not  long ago some “scifi”  concept,  just  express‐
ing the best wishes of the scientific community with an aim of adjusting the pharmaco‐
therapy  as  best  as  possible  to  each  single  patient.  However,  in  the  last  years  we  have
seen real advances in this area that have brought to the real clinical practice in most of
the “first  world” countries,  a  set  of  new analysis  under  the  same principle:  offering an
individualized therapy to each different patient.

In order to understand this new approach in medicine and put it into practice, we necessarily
have to take genetics in consideration, and particularly, we have to pay attention to the
individual differences that make each patient respond in a different way to a given pharma‐
cological treatment. Here, we arrive to the concepts of Pharmacogenetics and Pharmacoge‐
nomics, that can be heard in more and more places each day. They are, and for sure will be,
components to be considered in the medical practice. We can define them in many ways, and
traditionally they have been employed interchangeably although there are differences between
them. They are different but complementary disciplines. The European Medicines Agency,
EMA, takes their definitions from The International Conference on Harmonisation of Technical
Requirements for Registration of Pharmaceuticals for Human Use (ICH), this is a project with
regulatory authorities from Europe, Japan and USA, together with experts from pharmaceut‐

Current Issues and Future Direction in Kidney Transplantation288

icals that discusses technical and scientific aspects about the products registries. One of its aims
is to reach a better harmonization in the interpretation and application of technical guides and
requirements for the registries. ICH defines Pharmacogenomics as the study of variations in
DNA and RNA characteristics regarding the response to drugs and it defines Pharmacoge‐
netics as a subset inside pharmacogenomics, that studies the variations in the DNA sequence
regarding the response to drugs [1-5].

There is another term that is also frequently found: biomarker, genetic or genomic biomarker,
whose definition is “a measurable characteristic of DNA and/or RNA which is an indicator of
a biological process that can be normal, pathogenic and/or a response to a therapeutic (or other
kind) intervention. A genomic biomarker could be, for instance, the measuremente of a gene
expression or of its regulation. It can consist in one or more DNA and/or RNA characteristics,
as for instance, in DNA, its single nucleotide polymorphisms (SNPs); the variability in the
repetition of short sequences; the haplotypes; DNA modifications as methilation; the deletions
or insertions of a single nucleotide; the copy number variation; or the cytogenetic rearange‐
ments as translocations, duplications, deletions or inversions. Regarding RNA, it could be a
particular trait of its sequence; the levels of expression; the processing (as splicing and editing);
or the levels of microRNAs. A deeper explanation of some of these terms will be done in the
next paragraph.

The aim of pharmacogenomics is to identify the most important genetic elements in the
instauration and/or evolution of a pathological process in order to create new strategies for
drug evaluation and optimization of the drug development process. These are usually high
throughput studies, regarding the simple number and statistical signification but also very
exigent with the study subject: the final goal is finding correlation with the disease at a genomic
level, not with one single nucleotide but with genes or groups of related genes instead. On the
other side, pharmacogenetics studies the influence of genetic factors on the activity of a drug,
making attention in concrete changes inside a gene that somehow has already been postulated
as a candidate gene, by previous knowledge or by pharmacogenomic studies. Subject of
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genetics, it makes reference to the different alleles or variants of a gene related to a drug
interaction with the body. The frequency of the less common allele in the population must not
be higher than 1%. The two main groups of genetic polymorphisms are Single Nucleotide
Polymorphisms (SNPs) and Lenght Polymorphisms (repetitions of nucleotide groups). The
first group represents 90% of genetic variability in our genome, and each nucleotide change
appears approximately in 1 every 1000 nucleotides. Length polymorphisms represent more
extensive changes in the DNA sequence and approximately are the remaining 10% of poly‐
morphic variability in our genomes.

The NCBI SNP database (www.ncbi.nlm.nih.gov/snp) contains all the SNPs described, ar‐
ranged by their  Reference number,  which names all  SNPs starting with the letters  “rs“,
followed by  a  number  code,  but  also  including  some  classical  names  that  had  already
been given to some SNPs. By clicking on a SNP code, one can get more information and
several links, one of them is called “diversity“ and shows the different allele frequencies
found  depending  on  the  study  and  especially,  depending  on  the  sample’s  ethnicity.
There are polymorphic sites with allelic frequencies quite well conserved amongst differ‐
ent ethnicities, but others have relevant differences and we must always pay attention to
this point.

The exact  biological  difference  in  meaning between “polymorphism” and “mutation” is
not always clearly defined.  The term "mutation" is  classically associated with pathologi‐
cal significance, while "polymorphism" usually refers to a genetic change without health
consequences.  The problem is that “polymorphism” has also been employed to describe
mostly any newly described genetic  variant,  without having studied it  enough to know
if  it  has  a  pathological  consequence  or  not.  The  international  research  project  1000  ge‐
nomes (www.1000genomes.org) has been a great effort to sequence the whole genome of
a  thousand different  people,  so  we  are  still  attending  to  well  quantified  frequencies  of
genetic variants, that in some cases will still be measured in not sufficient people and so,
knowing  exactly  the  population  frequencies  of  all  our  genome  variants  is  still  a  chal‐
lenge,  moreover due to the fact  that the frequencies vary amongst different human eth‐
nicities. In conclusion, we must be cautious when interpreting the term “polymorphism”
and not assume that it is just a genetic change without any biological consequences, as it
may has not been well characterized yet.

The genetic variants that can influence the behavior of a drug in the body, are mainly re‐
lated to the interaction of the drug with the receptor/ligand involved in their pharmaco‐
logical  action  and/or  with  the  systems  involved  in  its  pharmacokinetic  process  of
absorption,  distribution,  metabolism  and  excretion.  So,  transport,  metabolism  and  drug
target genes are the three groups of genes whose polymorphisms are of interest in phar‐
macogenetics. In a very simplistic way, an individual carrying a significant polymorphic
variant will  suffer from different effects from those suffered by the individuals carrying
the “normal” variant at  the same polymorphic site,  but just in the case of being treated
with  the  particular  drug  affected  by  that  variant.  If  that  individual  is  not  treated  with
that drug, he may not manifest any effects related to that polymorphism.
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Other relevant concepts to understand pharmacogenetics are Haplotipe and Linkage Dise‐
quilibrium (LD). Haplotype refers to those alleles of a chromosome, or part thereof, which are
physically close and that tend to be inherited together. In our field, it is especially important
that more and more frequently the research is focused not on single SNPs, but on combinations
of them, forming haplotypes. Although many research has been simplified, studying SNPs
analyzed one by one, the real biological significance of these genetic changes must be seen in
the resulting effect of groups of SNPs, since the individual effects of each one can be enhanced,
reduced or offset by the effects of others. In addition, the linkage disequilibrium, is the situation
in which some alleles are present together in a higher frequency than expected, due to its close
location in the chromosomes. This is important in SNPs research, since one can study a SNP
that is well know and easy to determine, instead of studying another SNP linked to the first,
that is more difficult to assess, and the results can be correlated. For instance, in some cases
one SNP, with not known biological significance, is correlated with certain clinical conse‐
quence, and after a deeper research it is found that actually that first SNP is in fact in linkage
disequilibrium with another SNP, unknown or non studied before, that is directly related to
that clinical consequence.

In relation to these concepts, we can now understand that SNPs that have not got a clearly
studied functional meaning, for example they do not alter the amino acid sequence or are not
regulatory in intronic regions, are usually included in research projects. Maybe these SNPs are
linked to others that are not taken into consideration but that do produce a direct effect on the
gene product. These studies will be completed when information of LD blocks, provided for
instance in public consultation databases as HapMap (www.hapmap.org), would be included.
These final integrative approaches require powerful statistical and in silico analysis, correlating
the large amount of information obtained.

4. Genes and drugs

After understanding the basic concepts, we can now enter the approach to the best known
gene-drug relationships. There are currently different reference sources that help us in this
welter of information, such as the aforementioned HapMap project, the SNP database of NCBI
and, to our knowledge, the best pharmacogenetics website which is the Pharmacogenomics
Knowledge Base, PharmGKB (www.pharmgkb.org). This latter website, is a very intuitive way
of learning and consulting about gene-drug relationships, by performing searches based on
gene, SNP, drug or disease; with research and clinical information, and lots of links to external
related sites. There we can find a table of the “well-known drug-gene pharmacogenomics
associations” which represents the drugs whose relationship with some polymorphic gene has
been clearly defined in the literature and is academically accepted, based on extensive reviews
of all available information.

The United States Food and Drug Administration (FDA, www.fda.gov) also publishes a list
of drugs where a genetic test is recommended or mandatory for the drug administration,
explaining which section of the drug label has the genetic-related information.
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DRUG BIOMARKER DRUG BIOMARKER

Abacavir HLA-B*5701 Irinotecan UGT1A1

Aripiprazole CYP2D6 Isosorbide and Hydra-lazine62 NAT1, NAT2

Arsenic Trioxide PML/RARα Ivacaftor CFTR

Atomoxetine CYP2D6 Lapatinib Her2/neu

Atorvastatin LDL receptor Lenalidomide Chromosome 5q

Azathioprine TPMT Letrozole ER &/ PgR receptor

Boceprevir IL28B Maraviroc CCR5

Brentuximab Vedotin CD30 Mercaptopurine TPMT

Busulfan Ph Chromosome Metoprolol CYP2D6

Capecitabine DPD Modafinil CYP2D6

Carbamazepine HLA-B*1502 Nilotinib Ph Chromosome, UGT1A1

Carisoprodol CYP2C19 Nortriptyline CYP2D6

Carvedilol CYP2D6 Omeprazole CYP2C19

Celecoxib CYP2C9 Panitumumab EGFR, KRAS

Cetuximab EGFR, KRAS Pantoprazole CYP2C19

Cevimeline CYP2D6 Paroxetine CYP2D6

Chlordiazepoxide and

Amitriptyline

CYP2D6 Peginterferon alfa-2b IL28B

Chloroquine G6PD Perphenazine CYP2D6

Cisplatin TPMT Pertuzumab Her2/neu

Citalopram CYP2C19, CYP2D6 Phenytoin HLA-B*1502

Clobazam CYP2C19 Pimozide CYP2D6

Clomiphene Rh genotype Prasugrel CYP2C19

Clomipramine CYP2D6 Pravastatin ApoE2

Clopidogrel CYP2C19 Propafenone CYP2D6

Clozapine CYP2D6 Propranolol CYP2D6

Codeine CYP2D6 Protriptyline CYP2D6

Crizotinib ALK Quinidine CYP2D6

Dapsone G6PD Rabeprazole CYP2C19

Dasatinib Ph Chromosome Rasburicase G6PD

Denileukin Diftitox CD25 Rifampin, Isoniazid, and

Pyrazinamide

NAT1; NAT2

Desipramine CYP2D6 Risperidone CYP2D6

Dexlansoprazole CYP2C19, CYP1A2 Sodium Phenylacetate and

Sodium Benzoate

UCD (NAGS; CPS; ASS; OTC; ASL;

ARG)

Dextromethorphan and

Quinidine

CYP2D6 Sodium Phenylbutyrate UCD (NAGS; CPS; ASS; OTC; ASL;

ARG)

Diazepam CYP2C19 Tamoxifen ER receptor

Doxepin CYP2D6 Telaprevir IL28B

Drospirenone and Ethinyl

Estradiol

CYP2C19 Terbinafine CYP2D6

Erlotinib EGFR Tetrabenazine CYP2D6

Esomeprazole CYP2C19 Thioguanine TPMT

Everolimus Her2/neu Thioridazine CYP2D6
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DRUG BIOMARKER DRUG BIOMARKER

Exemestane ER &/ PgR receptor Ticagrelor CYP2C19

Fluorouracil DPD Tolterodine CYP2D6

Fluoxetine CYP2D6 Tositumomab CD20 antigen

Fluoxetine and Olanzapine CYP2D6 Tramadol and Acetaminophen CYP2D6

Flurbiprofen CYP2C9 Trastuzumab Her2/neu

Fluvoxamine CYP2D6 Tretinoin PML/RARα

Fulvestrant ER receptor Trimipramine CYP2D6

Galantamine CYP2D6 Valproic Acid UCD (NAGS; CPS; ASS; OTC; ASL;

ARG)

Gefitinib EGFR Vemurafenib BRAF

Iloperidone CYP2D6 Venlafaxine CYP2D6

Imatinib C-Kit, Ph Chromosome, PDGFR,

FIP1L1-PDGFRα

Voriconazole CYP2C19

Imipramine CYP2D6 Warfarin CYP2C9, VKORC1

Indacaterol UGT1A1

Table 1. FDA Pharmacogenomic biomarkers in drug labels (adapted from www.fda.gov)

There is certainly a lot of work done, but there is still much to do. Today, there are many
publications and many research articles in the area, and the field is growing exponentially, but
most of these studies reflect data from very specific conditions, where sets of patients with
convenient features and sometimes far from the clinical reality, where included. It is necessary
to validate the actual utility of pharmacogenetics in routine medical practice with serious, well-
designed studies [8].

4.1. Genes and drugs in transplantation

In the pharmacogenetics of transplantation, as in other therapeutic areas, three groups of genes
specifically involved in the response to immunosuppressive therapy have been identified: the
genes encoding drug transporter proteins, inward or outward of the cells; the genes encoding
metabolic enzymes involved in drug biotransformation and, finally; those encoding receptors
or drug targets. Although the great majority of immunosuppressive drugs are transported and
metabolized by a limited set of enzymes which mostly are known genes, the interpretation of
the results observed in transplanted patients is complicated in many times. One reason for this
is that these patients are highly subjected to polytherapy, and so interactions, both pharma‐
cokinetic and pharmacodynamic, may have great significance and may condition the response
to treatment. Another important aspect to consider when interpreting the observed response
is the fact that each patient actually contains two different genetic entities: the donor and the
recipient. This phenomenon is particularly relevant when the transplanted organs are the liver
or the kidney. In these types of transplantation, it must be considered that the drugs admin‐
istered to the recipient will be metabolized or excreted by the transplanted organ from the
donor. In fact, more and more studies in transplantation pharmacogenetics consider both the
donor and recipient genotypes to evaluate the response to treatment [9-12].
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DRUG BIOMARKER DRUG BIOMARKER
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Table 1. FDA Pharmacogenomic biomarkers in drug labels (adapted from www.fda.gov)

There is certainly a lot of work done, but there is still much to do. Today, there are many
publications and many research articles in the area, and the field is growing exponentially, but
most of these studies reflect data from very specific conditions, where sets of patients with
convenient features and sometimes far from the clinical reality, where included. It is necessary
to validate the actual utility of pharmacogenetics in routine medical practice with serious, well-
designed studies [8].

4.1. Genes and drugs in transplantation

In the pharmacogenetics of transplantation, as in other therapeutic areas, three groups of genes
specifically involved in the response to immunosuppressive therapy have been identified: the
genes encoding drug transporter proteins, inward or outward of the cells; the genes encoding
metabolic enzymes involved in drug biotransformation and, finally; those encoding receptors
or drug targets. Although the great majority of immunosuppressive drugs are transported and
metabolized by a limited set of enzymes which mostly are known genes, the interpretation of
the results observed in transplanted patients is complicated in many times. One reason for this
is that these patients are highly subjected to polytherapy, and so interactions, both pharma‐
cokinetic and pharmacodynamic, may have great significance and may condition the response
to treatment. Another important aspect to consider when interpreting the observed response
is the fact that each patient actually contains two different genetic entities: the donor and the
recipient. This phenomenon is particularly relevant when the transplanted organs are the liver
or the kidney. In these types of transplantation, it must be considered that the drugs admin‐
istered to the recipient will be metabolized or excreted by the transplanted organ from the
donor. In fact, more and more studies in transplantation pharmacogenetics consider both the
donor and recipient genotypes to evaluate the response to treatment [9-12].
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Moreover, one of the main problems of pharmacogenetic studies is the difficulty to recruit the
number of patients needed to achieve sufficient statistical power and demonstrate conclusively
the existence of significant clinically relevant differences according the different genotypes,
that is, according to the different alleles or variants of a polymorphic site. This is due to the
uneven distribution of allele frequencies in the population, which makes it difficult to collect
a large enough number of individuals to study minor genotypes. Furthermore, the distribution
of allelic frequencies in some genes varies according to ethnicity so, for instance, the expected
frequencies of each allele of a polymorphic site in the Caucasian population are not the same
as in the Asian. The expected effects of each allelic variant are presumably the same, but the
ease for recruiting different genotype patients is not.

Figure 1 shows, in summary, an integrator scheme with the best known genes encoding
transporter proteins and enzymes involved in the metabolism of several drugs commonly used
in transplantation.

Figure 1. Integrative scheme of pharmacogenetic genes related to transport and metabolism of immunosuppressive
drugs for transplantation. (Adapted from ref. 13, ©Astellas Pharma S.A. y Master Line & Prodigio S.L.). The drawing
shows a broad view of the location and influence of metabolic enzymes and transporters on the main immunosup‐
pressive drugs used in transplantation. The integrated view of many of the genetic factors that influence the achieve‐
ment of therapeutic and stationary blood levels, should allow a better interpretation of pharmacogenetic data and
also, help improve the safe and effective use of medication.
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4.2. Pharmacogenetic examples in renal transplantation

Pharmacogenetic information of immunosuppressants in renal transplantation is mainly
related to Tacrolimus, Cyclosporine and Mycophenolic Acid. Sirolimus, Everolimus and
Corticoids are also being studied but to a much lesser extent, so we will focus here on the most
consolidated conclusion about the first three drugs.

The first two, being both Calcineurin Inhibitors (CNI), share their mechanism of action and so,
share transporters, metabolism enzymes and targets and therefore, they also share pharma‐
cogenetic results in most of the cases. The fact that they are both subject of a controlled
therapeutic drug monitoring, with “in some way” standardized blood measuring methods,
has allowed the publication of many works dealing with correlations between drug levels and
polymorphisms [14-23]. To a lesser extent, there are also many works correlating drug adverse
effects with SNPs [24-28]. The therapeutic drug monitoring of mycophenolic acid is not as
followed as for CNIs, as there is not such a clear consensus about the effects of different blood
levels in the possible drug related toxicity. However, many efforts have also been done in the
pharmacogenetic studies of this drug [29-36], as it is widely employed in combination with
tacrolimus or cyclosporine.

The most consensuated genes regarding polymorphic effects on these three immunosuppres‐
sants are shown in table 2.

DRUG GENE SNP Effect

Tacrolimus

Cyclosporine

ABCB1

transport

rs1045642 C>T;

3435 C>T

C: higher transporter activity, less drug absorption

T: lower transporter activity, more drug absorption

CYP3A5

metabolism

rs776746 A>G;

*1 (A), *3 (G)

Allele *1 carriers have functional enzyme and require higher drug doses to reach

target levels. Allele *3 carriers have nonfunctional allele, the enzyme is not

metabolizing the drug, so they need lower doses

CYP3A4

metabolism
Implications not clearly defined

Mycophenolic

Acid

UGT1A9

metabolism

-275 T>A

-2152 C>T

-275A and -2152T: Increased gene expression, lower exposition to MFA and acute

rejection in patients with fixed dose MFA+Tac

ABCC2

transport

C-24T

C3972T
Implications not clearly defined

IMPDH1

target
rs2278293 Higher risk of leucopenia, lower risk of BPAR

IMPDH2

target
3757 T>C

C: higher IMPDH activity, higher incidence of BPAR (biopsy-confirmed acute

rejection)

SLCO1B1

transport
*5 Implications not clearly defined

Table 2. Most studied SNPs related to Tacrolimus, Cyclosporine and Mycophenolic Acid in Renal Transplantation.

As shown in the table, even in these SNPs that are the most extensively studied, the clinical
implications are not always well established. Many more other SNPs are currently under
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research consideration, being what we can call “candidates” to have a clinical meaning.
Virtually, every polymorphism of a gene implicated in a drug’s route of transport, metabolism
or mechanism of action is a potential candidate to be investigated. Especially if the polymor‐
phism is known to have a biological consequence on the gene product as for instance, if it is a
polymorphism producing a premature STOP codon or a relevant aminoacid change.

Returning to the SNPs in table 2, we will pay attention now to ABCB1 and CYP3A5 most rele‐
vant results. In Figure 2, we can see a schematic example of what happens in the intestine epi‐
thelial cells, according to the SNP rs1045642 C>T (also known as 3435 C>T) in ABCB1 gene. This
gene codes for glicoprotein P (gp-P)which is an adenosine triphosphate-dependent transport‐
er, that pumps many endogenous substances and also xenobiotics, as drugs, outside of the cell.
It is specifically expressed in the intestine, liver and kidney, amongst others, and also in several
types of leukocytes so it is postulated to function as a protective barrier by actively extruding
different compounds out of the cell, into the gut lumen, bile or urine. The expression of ABCB1
in the kidney plays an important role in the renal elimination of metabolic waste products and
toxins. It seems like after renal injury, ABCB1 expression is upregulated, which may represent
an adpative response in the renal regeneration process [37]. Parallelly, it has been shown that
treatment with CNI induces ABCB1 expression both in vivo and in vitro, which could serve to
protect the kidney from the injurious effects of CNIs by facilitating their extrusion. If we add to
this, the polymorphic influence shown in figure 2, we can better understand that a failure to ad‐
equately upregulate ABCB1 expression or a constitutively low expression in renal cells (as for
instance due to 3435 TT variant), could lead to intrarenal accumulation of CNIs and predispose
patients to the occurrence of CNI-related nephrotoxicity [38].

Specifically, in renal transplantation, it has been found a correlation between the genotype of
donors TT at this SNP and cyclosporine nephrotoxicity [40], while no consistent relationships
were found according to the same SNP in the recipient.

Regarding CYP3A5, there is more statistical evidence, especially regarding its impact on CNIs
blood levels and these findings have led to some clinical recommendations, as we will see in
the next paragraph. Inside the CYP 450 family, the CYP3A subfamily metabolizes more than
50% of all drugs that are currently in use [41]. CYP3A5 is expressed in the small intestine and
the liver but also in the kidney.

One of the most relevant studies regarding CYP3A5 SNP rs776746 A>G (*1 (A), *3 (G)) is the
one published by Thervet et al. in 2010 [23]. It is a prospective randomized clinical trial that
demonstrates the usefulness of this SNP determination before the first tacrolimus dose in renal
transplantation. In this study, the pharmacokinetic parameters were correlated with the
recipients’ genotype and two arms were constructed, one with the classical management of
the patients, adjusting tacrolimus doses according to TDM; and the second arm, where the
initial dose was chosen according to a previous genetic analysis to include the patients in
“CYP3A5 expresser” or “CYP3A5 non-expresser” cathegories. The expressers were given an
initial 0.25mg/kg dose and the non-expressers 0.15mg/kg. As a result, the genetically driven
dosage was associated with an earlier obtention of tacrolimus concentrations inside the
therapeutic range, also with fewer dose adjustments. Also, it was demonstrated that in the first
arm, patients with genotype *1 needed double tacrolimus dose to reach the target levels, as
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compared to those patients that were *3. Moreover, there are also consistent data in pediatric
renal transplant recipients [42].

Figure 2. Influence of the functional activity of glycoprotein-P (transporter in apical membrane) in the transport of
tacrolimus (green stars) in the intestine epithelium. The diagram shows the different degree of drug absorption due to
variations in ABCB1/MDR1 polymorphic site rs1045642. Individuals with TT variant have a decreased transporter activ‐
ity and hence greater absorption efficiency. CC variant causes more expulsion out of the cell, which decreases absorp‐
tion. (Figure adapted from ref. 39)

Just as a final remark, we cannot forget to mention the great importance of drug interactions.
Although it is not the subject of this chapter, and we are not going to get into it, we just wanted
to point here that drug interactions can mask even genetic variations in the clinical practice.

5. Regulatory aspects and final conclusions

5.1. Clinical practice recommendations

We have only seen, with a little bit of detail, two of the SNPs that could actually be influencing
the pharmacologic treatment in renal transplantation. And with these two SNPs, only one,
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CYP3A5 rs776746, has reached some kind of clinical recommendations. These have not been
adopted by any of the regulatory agencies FDA nor EMA, but they already have a strong
evidence as to be considered by expert doctors in the area.

The 3rd European Science Foundation- University of Barcelona (ESF-UB) Conference in
Biomedicine on Pharmacogenetics and Pharmacogenomics, held in June 2010 in Spain,
published a summary of their practical recommendations [43] which include the explained
tacrolimus results. They recommend CYP3A5 rs776746 genotyping prior to grafting as it could
help to reach steady state plasma tacrolimus concentrations earlier, and therefore prevent
overdose (risk of nephrotoxicity) or underdose (risk of acute graft rejection). This recommen‐
dation is mainly based on Thervet’s publication [23] and suggests the introduction of tacroli‐
mus at 0.15 mg/kg/day when the recpient’s genotype is *3/*3, at 0.20 mg/kg/day when it is *3/
*1, and at 0.25 mg/kg/day when it is *1/*1; always taking into consideration that the patients
will also require the regular TDM.

The Dutch Pharmacogenetics Working Group Guideline from the Royal Dutch Pharmacists
Association have also evaluated therapeutic dose recommendations for tacrolimus based on
our CYP3A5 SNP [44] and have found evidence to support an interaction between the drug
and the gene. However, they do not make dosing recommendations adducing that in dutch
transplantation hospitals, the tacrolimus dose is titrated in response to TDM.

5.2. What is a meta-analysis and what is the need of them?

The number of publications is increasing every day in an accelerated manner to limit the ability
of researchers and clinicians to assess critically and to assume the results of the studies. This,
added to the fact that the knowledge about something is not born due to a single article, but
to the integration of many, requires conducting systematic reviews of available evidence, of
which there are two types:

• Qualitative systematic reviews, where evidence is presented descriptively

• Quantitative systematic reviews or meta-analyses, which combine the results in a single
endpoint and determine the causes of the variations between studies.

Meta-analysis is a summary of different qualitative and quantitative studies (usually random‐
ized controlled trials) that evaluate one aspect whose results are combined using statistic
resources to determine the directionality of the effect and the causes of variability between
studies. It is the gold standard tool to assess the consistency of an evidence in the effect of a
particular intervention, especially when studies are heterogeneous and discordant, when
studies evaluating outcomes affect a low number of patients (as it happens when reporting
adverse events), when conducting new clinical trials is expensive or when we want to know
the existence of patient subgroups responding differently to the intervention analyzed.

• In this way the results allow us to:

• Plan future clinical trials on a related topic.
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• Quantify publication bias (as many studies fail to be published because their results are not
significant) [45, 46].

• Provide evidence to generate new hypotheses.

• Decide whether further clinical trials are needed on the subject.

• Help to document the approval of the use of interventions by regulatory agents and also
expand the knowledge to academics.

Calculate the sample size needed for future clinical trials about a similar topic.

Conducting such studies is cumbersome, it is really time-consuming, requires complex
methodological knowledge and its performance is not free of trouble. The main difficulties are
the presence of a small number of previously existing studies, the fact that the selected studies
to be analysed are usually very heterogeneous and difficult to be combined, and in many of
them the necessary information is absent or with low methodological quality. However, meta-
analysis studies are low-cost and have high impact.

However, we must be careful as the name "meta-analysis" does not ensure a quality review
and readers should critically evaluate it before accepting its results, for which there are
currently accessible guides [47, 48]. Its validity largely depends on the quality of the included
studies and the absence of bias in its execution [49]. The studies analyzed in the meta-analysis
are mostly randomized trials, which are those that offer the best evidence, but there are
scenarios where the information comes only from observational studies [50], as studies on
etiological hypotheses or adverse events. This represents a challenge as this type of design has
a higher risk of bias and lack of essential information for the integration of studies [51].
Furthermore, the inclusion of studies with a large heterogeneity or variability between them,
hinders the results interpretation [52], requires the knowledge of statistical tools for proper
interpretation [53] and one must know that it is a limitation for the applicability of the results.
Meta-analysis is a retrospective process, so it is susceptible to errors of this type of design. It
could have biases in any of its stages: in the search and selection of studies, analysis and
synthesis of information.

The meta-analysis is the highest level of evidence and summarizes the studies available about
a particular matter in a reliable way. Its implementation has its difficulties and limitations, so
methodological rigor is required to help reduce the risk of bias and a critical and cautious view
of its results.

As far as we know, two meta-analyses have been published regarding clinical implications of
CYP3A5 and CNIs in renal transplantation. One is about tacrolimus [54] and its conclusion
agrees with the data explained about CYP3A5 expressers/non-expressers dose requirements.
The other one deals with cyclosporine [55], and also concludes that there is an association
between our SNP and cyclosporine dose-adjusted concentration, where patients carrying
*3/*3 genotype will require a lower dose of the drug to reach target levels, compared with *1/
*1 or *1/*3 carriers.
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• Quantify publication bias (as many studies fail to be published because their results are not
significant) [45, 46].
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Conducting such studies is cumbersome, it is really time-consuming, requires complex
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agrees with the data explained about CYP3A5 expressers/non-expressers dose requirements.
The other one deals with cyclosporine [55], and also concludes that there is an association
between our SNP and cyclosporine dose-adjusted concentration, where patients carrying
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5.3. Barriers for the clinical application of Pharmacogenetics

The introduction in the medical practice of new strategies is always difficult, among other
reasons due to economic factors and the inertia of much of the professional sector, which is
typically conservative. But in the particular case of pharmacogenetics, and genomics in
general, there are other social factors that we will now comment, that hinder the implemen‐
tation of these new techniques.

Contrary to what has usually happened in other fields of biomedicine, in this one we have the
paradox that technological progress has gone faster than the advancement of knowledge.
Today’s technology platforms can just bring in a few days the data that used to take months
or even years to achieve. The advances in knowledge of the human genome sequence have
been really quick, especially since in February 2001 Nature and Science published simultane‐
ously the results of the Human Genome Project. The enormous progress in data collection
through technology could not be accompanied by a corresponding advance in the association
of the data with biological effects or implications for medical treatments [56]. A great amount
of research investment is still necessary in order to understand and take advantage of this huge
avalanche of data.

Clearly, every great discovery is preceded by circumstances that make it possible, and for the
deciphering of the human genome, and overall progress of genomics, including Pharmacoge‐
netics-omics, milestones were achieved with the confluence of three fundamental aspects: the
opportunity of high performance technologies (high throughput), the multidisciplinary
working groups and the development of bioinformatics.

Investment in technology and the big bet of different private companies have been crucial for
the rapid performance rate of genetic sequences data collection. In fact, as we have already
mentioned, more and more individual human sequences have been obtained, demonstrating
the variability of our genome and even small errors in the initial sequencing generations.
Anyway, such data cannot give us more information than little white dots on a blackboard,
with sometimes very specific information on diseases or even just some predispositions, but
little conclusive information for the moment. This is mainly due to two major keys in genetics
and biology: the first is that rarely a single gene is responsible for a disease, usually diseases
result from the interaction of many genes, with particular variants or defects. The second key
is that our phenotype is not an exclusive product of the expression of our genes, instead it is
the gene-environment combination. In most cases, the weight of each of the two components
in a given disease is difficult to decipher.

Moreover, not only the gene-environment relationship offers serious knowledge gaps, but also
the relationships between genes. Everyone knows that life is the result of Systems Biology, wa‐
terfalls of activation or repression of components that influence each other. That is the kind of
approach that we have to tend to, once we have more experience and results in reductionist
studies. Biological systems are complex networks of thousands of routes, many of which are in‐
terconnected, biosynthetic pathways, signal transduction pathways, routes of regulating the
expression of genes. The integration, representation and modeling of the interconnections of
biological information analysis require global, systemic analyses. This is how we enter the era
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of "omics" referring to global studies, "whole set", where we pass from the analysis of specific
phenomena to the search of the interrelationship of phenomena, where we must integrate not
only genomics but also proteomics (the sequences and expression patterns of all proteins), me‐
tabolomics (identification and quantification of all metabolites) and even transcriptomics (se‐
quences and expression patterns of all transcripts) and to close the circle, reach the interactome
(full set of physical interactions between proteins, DNA sequences and RNA). The review of T.
Manolio [57] is very useful for understanding the current situation of genomic studies.

In relation to this need for training and knowledge, we will introduce one of the biggest
problems facing the Pharmacogenetics and Pharmacogenomics application in our society: as
in any area of knowledge that directly affects Health and Drugs, clinical applications arising
from Pharmacogenetics should be well regulated and should be given proper use. Both the
patient and the doctor must be well informed of the scope and meaning of the data that can
be obtained. It is crucial to know what to expect of a pharmacogenetic analysis, realistically,
without creating false hopes.

It is said that in a couple of years, the cost for sequencing a complete human genome will be
about 1,000$. It is not difficult to imagine that there will soon be many patients who will consult
their physicians with their genome sequence in their hand, asking whether they will have
cancer or Alzheimer's or not, according to what is written in their genes. Are we prepared to
deal with these situations? The New England Journal of Medicine published a series of articles
and editorials addressing these issues on the occasion of the first decade of the publication of
the human genome, with very interesting articles written by experts in the field, as the great
review of Collins and coworkers [58].

And, if we are not prepared for this new tool yet, how will we discriminate between reliable
and fraudulent information? Who should be responsible for setting common guidelines to
drive us in making decisions about which tests are acceptable and which are not? We think
that the key are not only the regulatory agencies, which do not always agree with each other
when defining whether a marker is valid or not. However, other agents, Industry, and
especially the scientific societies, should be the ones to influence education on these issues and
serve as a reference under the most rigorous scientific method.

At the academic level, many efforts have been demanded to these disciplines because they
generated great expectations that were not met as fast as expected. Now, regulatory agencies
require a greater statistical significance than that of many other types of studies, to accept the
validity of a new marker. That is why well designed clinical studies and meta-analyses are
necessary for the agencies to accept new validated markers. We must also be aware of the
alarm triggered in relation to commercial proposals that are clearly misleading the consumer.
Just a quick search on the Internet to realize that they are on sale genotyping chips that offer
scientifically implausible predictions, such as predicting vulnerability to sudden death in
athletes, obesity, the ability to succeed at school, etc. The U.S. committee SACGHS (the
Secretary's Advisory Committee on Genetics, Health and Society) has already issued several
reports concerning with the issue and stressing the need to regulate this area of biomedicine
in order to not leave the consumer completely unprotected. There are two excellent publica‐
tions from Dr. JP Evans, illustrating this problem [59, 60].
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5.4. The economical impact

Pharmacogenetics must allow not only the money saving through the prevention of a large
number of side effects derived from the use of unsuitable drugs, but also it has to reduce the
money spending on unnecessary drugs. In the U.S. there is an incidence of adverse effects of
6.2-6.7% of hospitalized patients, representing two million adverse drug reactions per year
[61]. Of these, 0.15 to 0.3% are fatal, leading to about 100,000 deaths annually [62]. In Europe,
the data are similar.

Today, there are still few studies on the cost-effectiveness of pharmacogenetic studies,
although considerable efforts have been made, including regulatory authorities [63-65]. We
cannot forget that everyday genotyping platforms are more compact and economical and, as
mentioned, even the whole genome sequencing of a patient will have an assumable cost, so it
is not difficult to imagine that the benefits will overcome the costs and that the balance will be
tilted towards the realization of these studies [66]. A practical example is found in the studies
of mutations in the K-ras gene in colorectal cancer patients to decide about treatment with
Cetuximab, which are rendering large amounts of data regarding the savings thanks to the
genotyping of patients, avoiding ineffective treatment in 40% of cases.

In conclusion, the economical and clinical benefits of pharmacogenetics are day by day, clearly
surpassing its costs. We need to have especialized personnel, to help us know how to interpret
the pharmacogenetic information, always in close contact with clinicians and research
advances. We cannot obviate this new and real tool for the benefit of our patients’ health.
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1. Introduction

Immunosuppressive drugs are used to reduce the immune response in organ transplantation
and autoimmune disease. In transplantation, the major classes of immunosuppressive drugs
used today are: (1) glucocorticoids, (2) calcineurin inhibitors, (3) antiproliferative/antimeta‐
bolic agents, and (4) biologics (antibodies). These drugs have met with a high degree of clinical
success in treating conditions such as acute immune rejection of organ transplants and severe
autoimmune diseases. However, such therapies require lifelong use and nonspecifically
suppress the entire immune system, exposing patients to considerably higher risks of adverse
effects [1].

The pharmacokinetics of the immunosuppressive drugs is complex and unpredictable. A
narrow therapeutic index unique to each patient, as well as variable absorption, distribution,
and elimination, are characteristics of these drugs. Therapeutic drug monitoring plays a key
role in helping clinicians maintain blood and plasma levels of immunosuppressive drugs
within their respective therapeutic ranges. Variation in concentrations outside the narrow
therapeutic ranges can result in adverse clinical outcomes. Therapeutic drug monitoring
ensures that concentrations are not too high or too low, thereby reducing the risks of toxicity
or rejection, respectively. This chapter briefly reviews some immunosuppressive drugs:
cyclosporine, tacrolimus, mycophenolic acid, sirolimus, everolimus, azathioprine, daclizumab
and basiliximab, alemtuzumab and glucocorticoids. A general discussion of mechanism of
action and side effects of these immunosuppressive agents used more commonly today are
described below, followed by an overview of general principles of therapeutic drug monitoring
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and concluding with brief information about monitoring of individual immunosuppressive
agents as well as a brief description of future trends in immunosuppression therapy.

2. Mechanism of action and side effects

2.1. Cyclosporine A (CsA)

CsA is a cyclic polypeptide immunosuppressant consisting of 11 amino acids. It is produced
as a metabolite of the fungus species Tolypocladium inflatum Gams. CsA generally is recognized
as the agent that ushered in the modern era of organ transplantation, increasing the rates of
early engraftment, extending kidney graft survival, and making cardiac and liver transplan‐
tation possible. Clinical indications for CsA are kidney, liver, heart, and other organ trans‐
plantation; rheumatoid arthritis; and psoriasis. The dose of CsA varies, depending on the organ
transplanted and the other drugs used in the specific treatment protocols. Dosage is guided
by signs of rejection (too low a dose), renal or other toxicity (too high a dose), and close
monitoring of blood levels [1].

2.1.1. Mechanism of action

CsA suppresses some humoral immunity, but is more effective against T-cell-dependent
immune mechanisms such as those underlying transplant rejection and some forms of
autoimmunity. Its actions appear to be dependent upon binding to intracellular sites of action.
Because of its high lipophilicity, CsA enters cells easily to gain access to the site of action [1].
The intracellular protein most closely linked to the immunosuppressive activity of CsA is
cyclophilin. CsA forms a complex with cyclophilin, a cytoplasmic receptor protein present in
target cells. This complex binds to calcineurin to block its phosphatase activity (Table 1).
Calcineurin-catalyzed dephosphorylation is required for movement of a component of the
nuclear factor of activated T lymphocytes (NFAT) into the nucleus. Calcineurin phosphatase
activity is inhibited after physical interaction with the cyclosporine/cyclophilin complex. This
prevents Ca2+-stimulated dephosphorylation of the cytosolic component of NFAT such that
NFAT does not enter the nucleus, gene transcription is not activated, and the T lymphocyte
fails to respond to specific antigenic stimulation. By binding to cyclophilin, the antigenic
response of helper T lymphocytes is inhibited; the production of interleukin-2 and interferon-
gamma is suppressed [2-3]. In addition, production of the receptor site for interleukin-2 on T
lymphocytes is inhibited by CsA and also increases expression of transforming growth factor-
β (TGF-β), a potent inhibitor of IL-2–stimulated Tcell proliferation and generation of cytotoxic
T lymphocytes (CTL) [4-8].

2.1.2. Side effects

The principal side effects to CsA therapy are hypertension, nephrotoxicity, tremor, hirsutism,
hyperlipidemia, nausea and vomiting, gingival hyperplasia, and hepatotoxicity [1,9]. Hyper‐
tension is a common adverse effect of CsA, with the incidence decreasing over time. Generally,
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mild to moderate hypertension may occur in approximately 50% of renal transplant patients
and most cardiac transplant patients. In liver transplant patients (n=75), 27% experienced
hypertension. Incidence: 13% to 53% [9]. Discontinuation of CsA therapy may be required for
persistent blood pressure elevation despite adjustments in therapy. Antihypertensive agents
such as calcium-channel blockers may be used, with isradipine and nifedipine most appro‐
priate since they do not interfere with CsA metabolism. Other calcium-channel blockers (eg,
diltiazem and verapamil) may increase cyclosporine levels. Patients with preexisting hyper‐
tension controlled by beta-blockers may continue to receive the same therapy. Angiotensin
converting enzyme inhibitors and diuretics are not recommended [10]. Probable mechanisms
for cyclosporine induced hypertension involve increased prostaglandin synthesis, decreased
free water excretion, and decreased sodium and potassium excretion [11]. CsA is nephrotoxic,
the mechanism by which CsA causes nephrotoxicity is attributed to changes in vasomotor tone
induced by activation of the sympathetic nervous system [12]. Tremor was reported to appear
within a few days of initiating CsA therapy and was considered dose dependent. Incidence:
12% to 55% [9].

Immunosuppressive agent Site of Action

Cyclosporine and tacrolimus
Calcineurin (inhibits phosphatase

activity)

Mycophenolic acid
Inosine monophosphate dehydrogenase

(inhibits activity)

Sirolimus and everolimus
Protein kinase involved in cellcycle

progression (mTOR) (inhibits activity)

Azathioprine
Deoxyribonucleic acid (false

nucleotide incorporation)

Daclizumab and basiliximab
IL-2 receptor (block IL-2–mediated

T-cell activation)

Alemtuzumab Cell surface glycoprotein CD52

Glucocorticoids
Glucocorticoid response elements

in DNA (regulate gene transcription)

Table 1. Sites of action of immunosuppressive agents on T-cell activation [1]

Administration of CsA adversely affects plasma lipoprotein and cholesterol levels causing
hyperlipidemia [9]. In a study CsA increased total cholesterol by 21%, low-density lipoproteins
by 31%, and apolipoproteins by 12% over 27 days [13]. Gingival hyperplasia was reported in
4% to 16% of patients treated with CsA [9]. Histologically, CsA-induced gingival overgrowth
is characterized by cellular hyperplasia along with myxomatous changes and accumulation of
collagen [14]. Reduction of the dose of CsA may result in complete resolution of gingival
hyperplasia [15,16].
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and concluding with brief information about monitoring of individual immunosuppressive
agents as well as a brief description of future trends in immunosuppression therapy.
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2.2. Tacrolimus (TRL)

TRL (Prograf®) is a macrolide antibiotic produced by Streptomyces tsukubaensis. It is practically
insoluble in water. TRL is indicated for the prophylaxis of solid-organ allograft rejection in a
manner similar to CsA. The recommended starting dose for TRL injection is 0.03 to 0.05
mg/kg per day as a continuous infusion. Recommended initial oral doses are 0.15 to 0.2
mg/kg per day for adult kidney transplant patients, in two divided doses 12 hours apart. These
dosages are intended to achieve typical blood trough levels in the 5 to 15 ng/mL range. Pediatric
patients generally require higher doses than do adults [1,17].

2.2.1. Mechanism of action

The compound is chemically distinct from CsA but both agents elicit similar immunosup‐
pressant effects. TRL suppresses both humoral (antibody) and cell-mediated immune re‐
sponses. Like CsA, TRL inhibits Tcell activation by inhibiting calcineurin [17]. The proposed
mechanism for this effect is binding to an intracellular protein FK506-binding protein–12
(FKBP-12), immunophilin structurally related to cyclophilin. A complex of tacrolimus-
FKBP-12, Ca2+, calmodulin, and calcineurin then forms, which inhibits the phosphatase
activity of calcineurin (Table 1). As described for CsA the inhibition of phosphatase activity
prevents dephosphorylation and nuclear translocation of NFAT and inhibits T-cell activation.
Thus, although the intracellular receptors differ, CsA and TRL target the same pathway for
immunosuppression [1,18]. The immunosuppressive activity of TRL is, however, more
marked than that of CsA. Studies on cultured CD4+ (T-helper) lymphocytes have demonstrat‐
ed that TRL is at least 100 times more potent than CsA (weight basis) in selectively inhibiting
secretion of various cytokines (i.e., interleukin-2, interleukin-3, interferon-gamma) [19,20]. The
action of TRL on lymphocytes is more difficult to reverse than that of CsA; this may be
attributable to the effect of TRL on impairing the expression of interleukin-2 receptors on
alloantigen-stimulated T-cells [19]. TRL possesses another important effect in addition to the
inhibition of IL-2 gene transcription, to be exact the ability to act as a general inhibitor of the
protein secretory pathway, which strongly suggests that the diabetogenic effect of the TRL
could be caused by the blockade of insulin secretion. This novel effect also provides an
explanation for other side-effects observed in immunosuppressive treatment [1,21,22].

2.2.2. Side effects

TRL is an established immunosuppressant for the prevention and treatment of allograft
rejection in organ transplantation. However, TRL therapy also has several adverse effects like
nephrotoxicity, hypertension, hyperkalemia, hyperglycemia, hyperlipidemia, neurotoxicity
(tremor, headache, dizziness, seizure), gastrointestinal complaints, and diabetes are all
associated with TRL use [18].

Nephrotoxicity has been reported with TRL therapy, particularly when used in high doses.
Incidence: 36% to 59% [23]. Acute nephrotoxicity is characterized by an increased serum
creatinine and/or a decrease in urine output, and is generally reversible. Chronic nephrotox‐
icity is associated with increased serum creatinine, decreased kidney graft life, and character‐
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istic histologic changes observed on renal biopsy; these changes are usually progressive. Renal
function should be monitored closely [23,24]. In systemic formulations hypertension occurred
in 13% to 89% of patients receiving TRL in clinical trials. Antihypertensive therapy may be
required. Potassium sparing diuretics, ACE inhibitors, and angiotensin receptor blockers
should be used with careful consideration since due to the potential to cause hyperkalemia.
Calcium channel blockers may be effective in treating TRL associated hypertension, but
caution is warranted since interference with TRL metabolism may require a dosage reduction.
[23,25]. Hyperlipidemia was reported as one of the more common adverse events in TRL-
treated heart transplant recipients. Incidence: 10% to 34% [23]. In clinical trials tremor has
occurred in 15% to 56% of patients receiving TRL [23,26]. In systemic formulations headache
occurred in 24% to 64% of patients receiving TRL in clinical trials. Headache may respond to
a dosage reduction [23]. In clinical trials hyperglycemia occurred in 21% to 70% of patients
receiving TRL [23]. New onset diabetes mellitus has been reported in kidney, liver, and heart
transplant patients receiving TRL therapy. Incidence: 11% to 22%. Close monitoring of blood
glucose concentrations is recommended [23,27].

2.3. Mycophenolic acid (MPA)

MPA is a secondary metabolite produced by Penicillium brevicompactum, which has antibiotic
and immunosuppressive properties used to prevent rejection of solid organ transplants [28].
It is highly soluble in aqueous media at physiological pH. The drug is marketed as the ester
prodrug mycophenolate mofetil (CellCept®) (MMF) for kidney, liver, and heart transplants
or enteric-coated mycophenolate sodium (Myfortic®) for kidney transplants [1,29].

2.3.1. Mechanism of action

MPA produces potent selective, noncompetitive, and reversible inhibition of inosine mono‐
phosphate dehydrogenase (IMPDH), an important enzyme in the de novo pathway of guanine
nucleotide synthesis (Table 1). B and T lymphocytes are highly dependent on this pathway for
cell proliferation, while other cell types can use salvage pathways; MPA therefore selectively
inhibits lymphocyte proliferation and functions, including antibody formation, cellular
adhesion, and migration [1,30]. In vitro and in vivo studies have demonstrated the ability of
MPA to block proliferative responses of T and B lymphocytes, and inhibit antibody formation
and the generation of cytotoxic T-cells [31]. In a preclinical study in mice, MPA increased
survival of heart and pancreatic islet cell allografts. Studies in rats have also demonstrated
prolonged heart allograft survival, as well as reversal of acute rejection and prevention of
rejection in the sensitized animal. Antirejection effects have been attributed to decreased
recruitment of activated lymphocytes to the graft site [32].

2.3.2. Side effects

The principal adverse effects of MPA are gastrointestinal, these include diarrhea, nausea and
vomiting; hypertension; hematologic effects (anemia and leukopenia) and neurologic effects
(anxiety asthenia dizziness headache insomnia tremor). There also is an increased incidence
of some infections, especially sepsis associated with cytomegalovirus [1,33-35]. Diarrhea was
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in 13% to 89% of patients receiving TRL in clinical trials. Antihypertensive therapy may be
required. Potassium sparing diuretics, ACE inhibitors, and angiotensin receptor blockers
should be used with careful consideration since due to the potential to cause hyperkalemia.
Calcium channel blockers may be effective in treating TRL associated hypertension, but
caution is warranted since interference with TRL metabolism may require a dosage reduction.
[23,25]. Hyperlipidemia was reported as one of the more common adverse events in TRL-
treated heart transplant recipients. Incidence: 10% to 34% [23]. In clinical trials tremor has
occurred in 15% to 56% of patients receiving TRL [23,26]. In systemic formulations headache
occurred in 24% to 64% of patients receiving TRL in clinical trials. Headache may respond to
a dosage reduction [23]. In clinical trials hyperglycemia occurred in 21% to 70% of patients
receiving TRL [23]. New onset diabetes mellitus has been reported in kidney, liver, and heart
transplant patients receiving TRL therapy. Incidence: 11% to 22%. Close monitoring of blood
glucose concentrations is recommended [23,27].
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MPA is a secondary metabolite produced by Penicillium brevicompactum, which has antibiotic
and immunosuppressive properties used to prevent rejection of solid organ transplants [28].
It is highly soluble in aqueous media at physiological pH. The drug is marketed as the ester
prodrug mycophenolate mofetil (CellCept®) (MMF) for kidney, liver, and heart transplants
or enteric-coated mycophenolate sodium (Myfortic®) for kidney transplants [1,29].

2.3.1. Mechanism of action

MPA produces potent selective, noncompetitive, and reversible inhibition of inosine mono‐
phosphate dehydrogenase (IMPDH), an important enzyme in the de novo pathway of guanine
nucleotide synthesis (Table 1). B and T lymphocytes are highly dependent on this pathway for
cell proliferation, while other cell types can use salvage pathways; MPA therefore selectively
inhibits lymphocyte proliferation and functions, including antibody formation, cellular
adhesion, and migration [1,30]. In vitro and in vivo studies have demonstrated the ability of
MPA to block proliferative responses of T and B lymphocytes, and inhibit antibody formation
and the generation of cytotoxic T-cells [31]. In a preclinical study in mice, MPA increased
survival of heart and pancreatic islet cell allografts. Studies in rats have also demonstrated
prolonged heart allograft survival, as well as reversal of acute rejection and prevention of
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reported in 36.1% of renal transplant patients, 45.3% of cardiac transplant patients, and 51.3%
of hepatic transplant patients in a clinical study. Vomiting was reported in 33.9% of cardiac
transplant patients, and 32.9% of hepatic transplant patients. Nausea was reported in 23.6%
of renal transplant patients, 54% of cardiac transplant patients, and 54.5% of hepatic transplant.
The incidence of adverse gastrointestinal complications requiring dose reduction. Usually
occurs early in therapy and respond to dose reduction or switching from two to three divided
daily doses [34].

Hypertension was reported in 28.2% of renal transplant patients, 77.5% of cardiac transplant
patients, and 62.1% of hepatic transplant patients [34]. Leukopenia was 23.2% and 34.5% in
renal transplant, 30.4% in cardiac transplant, and 45.8% in hepatic transplant in a clinical study.
Complete blood counts should be performed weekly during the first month, twice monthly
for the second and third months of treatment, then monthly through the first year [34].

2.4. Sirolimus (SRL) and Everolimus (EVL)

SRL(also known as Rapamycin and Rapamune®) is a macrocyclic lactone produced by the
actinomycete Streptomyces hygroscopicus, with immunosuppressive, antitumor, and antifungal
properties. SRL appears to be synergistic with CsA in kidney transplantation, but with a
different side-effect profile. It is an immunosuppressive agent of potential benefit in clinical
liver transplantation. EVL is an analogue of SRL with immunosuppressive and antiprolifera‐
tive activity. It is closely related chemically and clinically to SRL but has distinct pharmaco‐
kinetics. The main difference is a shorter half-life and thus a shorter time to achieve steady
state concentrations of the drug [1,36].

2.4.1. Mechanism of action of SRL

SRL has been demonstrated to block the response of T- and B-cell activation by cytokines,
which prevents cell-cycle progression and proliferation. Intracellularly, sirolimus forms a
complex with cytosolic FK-binding proteins, primarily FKBP-12, considered essential for
functionality; however, the sirolimus–FKBP-12 complex does not affect calcineurin activity. It
binds to and inhibits a protein kinase, designated mammalian target of rapamycin (mTOR)
(Table 1), which is a key enzyme in cell-cycle progression. Inhibition of mTOR blocks cell-cycle
progression at the G1 to S phase transition [37,38]. Specific biochemical steps inhibited by SRL
include activation of p70S6 kinase, activation of the cdk2/cyclinE complex, and phosphoryla‐
tion of retinoblastoma protein [37,38]. SRL appears to be less nephrotoxic than CsA and TRL;
this may be related to its lack of effect on calcineurin [1,38]. In preclinical studies (in vitro and
in vivo), additive or synergistic immunosuppressive effects were observed when SRL was
combined with TRL, CsA, MMF, and brequinar [37].

2.4.2. Side effects of SRL

The use of SRL in renal transplant patients is associated with a dose-dependent increase in
serum cholesterol and triglycerides that may require treatment. Other studies have identified
hyperlipidemia and thrombocytopenia as significant SRL side effects [39]. In the other hand,
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while immunotherapy with SRL per se is not nephrotoxic, patients treated with CsA plus SRL
have impaired renal function compared to patients treated with CsA and either azathioprine
or placebo. Renal function therefore must be monitored closely in such patients. Other adverse
effects include anemia, leukopenia, thrombocytopenia, hypokalemia or hyperkalemia, fever,
and gastrointestinal effects. Delayed wound healing may occur with SRL use. As with other
immunosuppressive agents, there is an increased risk of neoplasms, especially lymphomas,
and infections [1,36,37].

2.4.3. Mechanism of action of EVL

Like SRL, EVL binds to the cytosolic immunophyllin FKBP12; both agents inhibit growth
factor-driven cell proliferation, including that of T-cells and vascular smooth muscle cells.
After binding to and forming a complex with the cytoplasmic protein FKBP-12, this complex
binds to and inhibits the mammalian Target Of Rapamycin (mTOR) and phosphorylates P70
S6 ribosomal protein kinase (a substrate of mTOR) (Table 1). The phosphorylation of P70 S6
ribosomal protein kinase by the EVL complex prevents protein synthesis and cell proliferation.
The EVL:FKBP-12 complex does not affect calcineurin activity [40,41]. Binding of EVL to
FKBP12 is weaker than that of SRL (about 3-fold), related to 40-O-alkylation, and this correlates
with a 2- to 3-fold lower in vitro immunosuppressive activity for EVL. However, the oral in
vivo activity of EVL has been at least equipotent to oral SRL in several animal allotransplan‐
tation/autoimmune disease models. This appears related to the chemical modification in EVL
(2-hydroxyethyl chain), providing more favorable pharmacokinetic properties (eg, absorption,
disposition) which compensate for relatively poor in vitro activity [40]. EVL and SRL antago‐
nize TRL based calcineurin inhibition via saturation of FKBP12 [1,42].

2.4.4. Side effects of EVL

Side effects seem to be the same as with SRL [1]. Endocrine abnormalities, including hyperli‐
pidemia and hypertriglyceridemia, have been reported with EVL treatment. Monitoring for
hyperlipidemia is recommended in all patients; diet, exercise, and lipid lowering therapy
should be initiated if hyperlipidemia occurs. In a clinical study with EVL, the most important
causes of discontinuation in 69 patients were severe infections (2.3%), pneumonitis (6.8 %),
acute rejection episode (4.1%), proteinuria (4.1%). Although the overall incidence discontinu‐
ation due to side effects was higher in the EVL than SRL group, there was no greater frequency
of severe side effects [43,44].

2.5. Azathioprine

Azathioprine is a purine antimetabolite. It is an imidazolyl derivative of 6-mercaptopurine.
Azathioprine was first introduced as an immunosuppressive agent in 1961, helping to make
allogeneic kidney transplantation possible. It is indicated as an adjunct for prevention of organ
transplant rejection and in severe rheumatoid arthritis. It has long been used as a steroid
sparing agent in a variety of clinical scenarios [1,45]. In the United States azathioprine was
usually combined with prednisone and CsA. Azathioprine was regarded as an adjunctive
agent to CsA and the combination was often called “triple therapy”. The term “adjunctive
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(2-hydroxyethyl chain), providing more favorable pharmacokinetic properties (eg, absorption,
disposition) which compensate for relatively poor in vitro activity [40]. EVL and SRL antago‐
nize TRL based calcineurin inhibition via saturation of FKBP12 [1,42].
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pidemia and hypertriglyceridemia, have been reported with EVL treatment. Monitoring for
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2.5. Azathioprine

Azathioprine is a purine antimetabolite. It is an imidazolyl derivative of 6-mercaptopurine.
Azathioprine was first introduced as an immunosuppressive agent in 1961, helping to make
allogeneic kidney transplantation possible. It is indicated as an adjunct for prevention of organ
transplant rejection and in severe rheumatoid arthritis. It has long been used as a steroid
sparing agent in a variety of clinical scenarios [1,45]. In the United States azathioprine was
usually combined with prednisone and CsA. Azathioprine was regarded as an adjunctive
agent to CsA and the combination was often called “triple therapy”. The term “adjunctive
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agent” is used to describe the immunosuppressive drugs that are used, or were developed for
use, in combination with a calcineurin inhibitor to enhance the potency of the immunosup‐
pressive protocol, as measured by a decreased incidence of acute rejection episodes [46].

2.5.1. Mechanism of action

Azathioprine inhibits purine metabolism. Following exposure to nucleophiles such as
glutathione, azathioprine is cleaved to 6-mercaptopurine, which in turn is converted to
additional metabolites that inhibit de novo purine synthesis. 6-thio-IMP, a fraudulent nucleo‐
tide, is converted to 6-thio-GMP and finally to 6-thio-GTP, which is incorporated into DNA.
Cell proliferation is thereby inhibited, impairing a variety of lymphocyte functions. Azathio‐
prine appears to be a more potent immunosuppressive agent than 6-mercaptopurine, which
may reflect differences in drug uptake or pharmacokinetic differences in the resulting
metabolites [1,45].

2.5.2. Side effects

The major side effect of azathioprine is bone marrow suppression, including leukopenia
(common), and thrombocytopenia (less common). Other important adverse effects include
increased susceptibility to infections (especially varicella and herpes simplex viruses) and
hepatotoxicity [1].

2.6. Anti-IL-2 receptor (Anti-CD25) antibodies

There are two anti–IL-2R preparations for use in clinical transplantation: daclizumab and
basiliximab. These are used for prophylaxis of acute organ rejection in adult patients. Basilix‐
imab is considered a chimeric antibody, because it consists of approximately 70% human and
30% murine proteins. This agent has low immunogenicity potential due to the incorporation
of human protein sequences. Daclizumab consists of 90% human and 10% murine components.
The effectiveness of daclizumab is comparable to that of basiliximab, with an adverse-effect
profile comparable to that seen with placebo [1,46].

2.6.1. Mechanism of action

Basiliximab binds with high affinity to the alpha subunit of the IL-2 receptor, also known as
CD25, where it acts as a receptor antagonist. The antagonistic effect on the IL-2 receptor
prevents T-cell activation and subsequent proliferation without causing lysis or cell destruc‐
tion. Daclizumab, like basiliximab, is a nondepleting monoclonal antibody that acts as an
antagonist at the CD25 subunit of T cells and received marketing approval in 1997 for induction
therapy in renal transplant recipients. In Phase III trials, the half-life of daclizumab was 20
days, resulting in saturation of the IL-2Rα on circulating lymphocytes for up to 120 days after
transplantation. In these trials, daclizumab was used with maintenance immunosuppression
regimens (CsA, azathioprine, and steroids; CsA and steroids). Subsequently, daclizumab was
successfully used with a maintenance triple-therapy regimen—either with CsA or TRL,
steroids, and MMF substituting for azathioprine. In the Phase III trials, the half-life of basilix‐
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imab was 7 days. In one randomized trial, basiliximab was safe and effective when used in a
maintenance regimen consisting of CsA, MMF, and prednisone [1,47].

2.6.2. Side effects

No cytokine-release syndrome has been observed with these antibodies, but anaphylactic
reactions can occur. Although lymphoproliferative disorders and opportunistic infections may
occur, as with the depleting antilymphocyte agents, the incidence ascribed to anti-CD25
treatment appears remarkably low. No significant drug interactions with anti–IL-2-receptor
antibodies have been described [46,47].

2.7. Alemtuzumab

The antibody alemtuzumab is a recombinant DNA-derived humanized monoclonal antibody
that is directed against the cell surface glycoprotein CD52, which is expressed on the surface
of normal and malignant B and T lymphocytes, NK cells, monocytes, macrophages, and tissues
of the male reproductive system; thus, the drug causes extensive lympholysis by inducing
apoptosis of targeted cells. It has achieved some use in renal transplantation because it
produces prolonged T- and B-cell depletion and allows drug minimization [1,47].

2.7.1. Mechanism of action

Alemtuzumab antibody binds to CD52, it triggers an antibody-dependent lysis of these cells.
The depletion of lymphocytes is so marked that it takes several months or up to one year
postadministration for a patient’s immune system to be fully reconstituted ([1,47].

2.7.2. Side effects

Alemtuzumab’s mechanism of depletion is so profound that its adverse-effect profile occurs
frequently and with a high level of severity. Adverse effects associated with alemtuzumab use
include neutropenia (70%), thrombocytopenia (52%), anemia (47%), nausea (54%), vomiting
(41%), diarrhea (22%), headache (24%), dysesthesias (15%), dizziness (12%), and autoimmune
hemolytic anemia (<5%) [47].

2.8. Glucocorticoids

The introduction of glucocorticoids as immunosuppressive drugs in the 1960s played a key
role in making organ transplantation possible. Steroids are a cornerstone of immunosuppres‐
sive therapy in kidney transplantation despite their side effects and morbidity. More than 95%
of transplant recipients are treated with steroids as a usual component of clinical immuno‐
suppressive regimens. Prednisone, prednisolone, and other glucocorticoids are used alone and
in combination with other immunosuppressive agents for treatment of transplant rejection and
autoimmune disorders [1,48]. Transplantation specialists are now moving toward protocols
that reduce the incidence of infections and minimize adverse events. Most immunosuppressive
regimens are currently based on the combination of calcineurin inhibitors (CsA, TRL) with
antiproliferative agents (azathioprine, MMF) and steroids (prednisone) [49].
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The antibody alemtuzumab is a recombinant DNA-derived humanized monoclonal antibody
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of the male reproductive system; thus, the drug causes extensive lympholysis by inducing
apoptosis of targeted cells. It has achieved some use in renal transplantation because it
produces prolonged T- and B-cell depletion and allows drug minimization [1,47].

2.7.1. Mechanism of action

Alemtuzumab antibody binds to CD52, it triggers an antibody-dependent lysis of these cells.
The depletion of lymphocytes is so marked that it takes several months or up to one year
postadministration for a patient’s immune system to be fully reconstituted ([1,47].
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Alemtuzumab’s mechanism of depletion is so profound that its adverse-effect profile occurs
frequently and with a high level of severity. Adverse effects associated with alemtuzumab use
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(41%), diarrhea (22%), headache (24%), dysesthesias (15%), dizziness (12%), and autoimmune
hemolytic anemia (<5%) [47].

2.8. Glucocorticoids

The introduction of glucocorticoids as immunosuppressive drugs in the 1960s played a key
role in making organ transplantation possible. Steroids are a cornerstone of immunosuppres‐
sive therapy in kidney transplantation despite their side effects and morbidity. More than 95%
of transplant recipients are treated with steroids as a usual component of clinical immuno‐
suppressive regimens. Prednisone, prednisolone, and other glucocorticoids are used alone and
in combination with other immunosuppressive agents for treatment of transplant rejection and
autoimmune disorders [1,48]. Transplantation specialists are now moving toward protocols
that reduce the incidence of infections and minimize adverse events. Most immunosuppressive
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2.8.1. Mechanism of action

Glucocorticoids lyse (in some species) and induce the redistribution of lymphocytes, causing
a rapid, transient decrease in peripheral blood lymphocyte counts. To effect longer-term
responses, steroids bind to receptors inside cells; either these receptors, glucocorticoid-induced
proteins, or interacting proteins regulate the transcription of numerous other genes. Addi‐
tionally, glucocorticoid-receptor complexes increase IκB expression, thereby curtailing
activation of NF-κB, which increases apoptosis of activated cells. Of central importance, key
proinflammatory cytokines such as IL-1 and IL-6 are down regulated. T cells are inhibited from
making IL-2 and proliferating. The activation of cytotoxic T lymphocytes is inhibited. Neu‐
trophils and monocytes display poor chemotaxis and decreased lysosomal enzyme release.
Therefore, glucocorticoids have broad anti-inflammatory effects on multiple components of
cellular immunity [1].

2.8.2. Side effects

Steroids are effective in reducing the incidence of acute rejection but are an important cause
of morbidity and probably mortality. Moreover, they have adverse effects on cardiovascular
risk factors such as hypertension, hyperglycemia, or hyperlipidemia, deleterious effects on
bone metabolism, and may contribute to an increased risk of infection [1,48].

3. General principles of Therapeutic Drug Monitoring (TDM)

A basic tenet of clinical pharmacology is that the pharmacologic activity of an exogenously
administered agent is related to the free drug concentration available at its receptor or ligand-
binding site. A mayor underlying hypothesis in clinical pharmacokinetics is that the concen‐
tration of the agent in blood, serum or some other measurable compartment is related to the
concentration of free (or non-bound) drug at its effector site [50]. Drugs are administered to
achieve a therapeutic objective. Once this objective is defined, a drug and its dosage regimen
are chosen for the patient. Drug therapy is subsequently managed together with steps required
to initiate therapy, this management is usually accomplished by monitoring incidence and
intensity of both therapeutic and toxic effects.

3.1. Therapeutic range

The therapeutic range (therapeutic index) is the ratio between the toxic dose and the thera‐
peutic dose of a drug. The closer this ratio is to 1, the more difficult the drug is to use in clinical
practice. The therapeutic index for immunosuppressant drugs is very low, whereas that for
amoxicillin is extremely high. Clinical use of drugs with a narrow therapeutic index has led to
the monitoring of drug concentrations in patients – therapeutic drug monitoring – in which
the plasma concentration of a drug is measured and the dose adjusted to achieve a desired
therapeutic drug concentration. Generally defined as the range of drug concentrations
associated with maximal efficacy and minimal toxicity, there is currently no standard defining
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an acceptable level of toxicity or efficacy, nor are there consistent procedures used to establish
a therapeutic range [51].

In general, a therapeutic range should never be considered in absolute terms, as it represents
no more than a combination of probability charts. In other words, a therapeutic range is a range
of drug concentrations within which the probability of the desired clinical response is relatively
high and the probability of unacceptable toxicity is relatively low [52].

Since the development of the range is probabilistic in nature, a concentration that is within the
“therapeutic range” for a given drug does not exclude the possibility that signs and symptoms
of toxicity experienced by an individual patient are related to the monitored drug. A concen‐
tration outside of the range also does not indicate that a patient will experience toxicity or
reduced efficacy; however, the likelihood of either is certainly lower [51]. It is important to
recognize that the therapeutic range is not necessarily valid outside of the population used to
establish it. This is particularly critical for immunosuppressive drugs, as most patients that are
treated with these drugs receive additional immunosuppressive agents. A change in dosing
of one drug may have a profound impact on the pharmacodynamic relationship of another.
The nature of the transplanted organ (e.g., cadaveric versus living-related donor kidneys), age,
and co-morbid illness can all have important influences on the pharmacodynamic response.
The importance of these factors should not be ignored [51].

3.2. Interpretation of plasma drug concentration

The process of selecting the most appropriate dosage regimen to achieve concentrations in a
relatively narrow range may be complicated by unpredictable intrapatient and interpatient
variability in the drug’s pharmacokinetics. A sophisticated application of pharmacokinetic
principles, incorporating prior and subsequent measures of drug concentration and effects,
can improve the quality of one’s predictions. Although a single “best” approach to using drug
concentrations does not exist for every drug, it is imperative to realize that without a systematic
approach to therapeutic drug concentration monitoring, drug concentrations may be uninter‐
pretable, unhelpful and potentially harmful. It thus becomes essential to recognize the key
elements of clinical pharmacokinetics and pharmacodynamics, and to develop strategies to
perform and use them most effectively [52].

There are a number of advantages to therapeutic drug monitoring that provide the clinician
with clinically useful information. Plasma drug concentrations in conjunction with a thorough
assessment of the patient’s clinical status and the therapeutic goals to be achieved provide a
means of successfully and rapidly individualizing a patient’s therapeutic regimen to assure
optimal benefits con minimal risk. Therapeutic drug measuring is only one part of therapeutic
drug monitoring that provides expert clinical interpretation of drug concentration as well as
evaluation based on pharmacokinetic principles. Expert interpretation of a drug concentration
measurement is essential to ensure full clinical benefit. Clinicians routinely monitor drug
pharmacodynamics by directly measuring the physiological indices of therapeutic responses,
such as lipid concentrations, blood glucose, blood pressure, and clotting [53].
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an acceptable level of toxicity or efficacy, nor are there consistent procedures used to establish
a therapeutic range [51].

In general, a therapeutic range should never be considered in absolute terms, as it represents
no more than a combination of probability charts. In other words, a therapeutic range is a range
of drug concentrations within which the probability of the desired clinical response is relatively
high and the probability of unacceptable toxicity is relatively low [52].

Since the development of the range is probabilistic in nature, a concentration that is within the
“therapeutic range” for a given drug does not exclude the possibility that signs and symptoms
of toxicity experienced by an individual patient are related to the monitored drug. A concen‐
tration outside of the range also does not indicate that a patient will experience toxicity or
reduced efficacy; however, the likelihood of either is certainly lower [51]. It is important to
recognize that the therapeutic range is not necessarily valid outside of the population used to
establish it. This is particularly critical for immunosuppressive drugs, as most patients that are
treated with these drugs receive additional immunosuppressive agents. A change in dosing
of one drug may have a profound impact on the pharmacodynamic relationship of another.
The nature of the transplanted organ (e.g., cadaveric versus living-related donor kidneys), age,
and co-morbid illness can all have important influences on the pharmacodynamic response.
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The process of selecting the most appropriate dosage regimen to achieve concentrations in a
relatively narrow range may be complicated by unpredictable intrapatient and interpatient
variability in the drug’s pharmacokinetics. A sophisticated application of pharmacokinetic
principles, incorporating prior and subsequent measures of drug concentration and effects,
can improve the quality of one’s predictions. Although a single “best” approach to using drug
concentrations does not exist for every drug, it is imperative to realize that without a systematic
approach to therapeutic drug concentration monitoring, drug concentrations may be uninter‐
pretable, unhelpful and potentially harmful. It thus becomes essential to recognize the key
elements of clinical pharmacokinetics and pharmacodynamics, and to develop strategies to
perform and use them most effectively [52].

There are a number of advantages to therapeutic drug monitoring that provide the clinician
with clinically useful information. Plasma drug concentrations in conjunction with a thorough
assessment of the patient’s clinical status and the therapeutic goals to be achieved provide a
means of successfully and rapidly individualizing a patient’s therapeutic regimen to assure
optimal benefits con minimal risk. Therapeutic drug measuring is only one part of therapeutic
drug monitoring that provides expert clinical interpretation of drug concentration as well as
evaluation based on pharmacokinetic principles. Expert interpretation of a drug concentration
measurement is essential to ensure full clinical benefit. Clinicians routinely monitor drug
pharmacodynamics by directly measuring the physiological indices of therapeutic responses,
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Anyone involved in the utilization of information derived from TDM must always bear in
mind that the interpretation of plasma drug concentration must always be carried out in
conjunction with an assessment of the clinical status of the patient. Therapeutic ranges should
more correctly be described as optimal concentrations. According to the definition mentioned
above, the therapeutic range (optimal concentration) of a drug is that concentration of drug
present in plasma or some other biologic fluid or tissue that provides the desired therapeutic
response in most patients. The severity of the disease process determines the amount of drug
necessary to achieve a given therapeutic effect. Thus, it is quite possible that a patient may
achieve the desired therapeutic effect at a plasma concentration well below the optimal range.
Conversely, some patients will not achieve the desired therapeutic effect even when plasma
concentrations are elevated into the toxic range. If the desired therapeutic effect is achieved at
suboptimal plasma concentrations, every attempt should be made to avoid the prescription of
additional drugs simply to increase the plasma concentration into what is commonly referred
to as the therapeutic range. Obviously, the interpretation of plasma drug concentration must
take into account the various factors that can alter the steady state plasma concentrations
achieved on a given dosage form [54].

3.3. Therapeutic Drug Monitoring (TDM)

Individualizing a patient’s drug therapy to obtain the optimum balance between therapeutic
efficacy and the occurrence of adverse events is the physician’s goal. However, achieving this
goal is not always straight forward, being complicated by within and between patient
variability in both pharmacokinetics and pharmacodynamics. In the early 1960’s new analyt‐
ical techniques became available allowing the measurement of the low drug concentrations
seen in biological fluids during drug treatment. This offered the opportunity to reduce the
pharmacokinetic component of variability by controlling drug therapy using concentrations
in the body rather than by dose alone. This process became known as therapeutic drug
monitoring [55].

The aim of TDM is to optimize pharmacotherapy by maximizing therapeutic efficacy, while
minimizing adverse events, in those instances where the blood concentration of the drug is a
better predictor of the desired effect(s) than the dose. The reasons why these principles have
gained wide acceptance include the following: (1) although imperfect, a better relationship
often exists between the effect of a given drug and its concentration in the blood than between
the dose of the drug and the effect; (2) a thorough understanding of pharmacokinetics, i.e., the
processes of drug absorption, distribution, metabolism, and drug excretion in individual
patients and in patient populations is available; and (3) the development of reliable and
relatively easy to use drug-monitoring assays. In addition, TDM can also be useful in cases in
which compliance is in question, where it is not clear if the right drug is being taken, where
dosage adjustment is required as a result of drug–drug or drug–food interactions, and where
intoxication is suspected.

TDM is more than simply the analysis of a single drug concentration in the blood of a patient
and a report of this number. It also comprises interpretation of the value measured using the
mathematical (pharmacokinetic) principles mentioned above, drawing the appropriate
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conclusions about the result, and advising the physician who ordered the test how to optimize
treatment. It is important to apply a uniform definition of TDM here, because different
definitions have previously been used in cost-effectiveness studies and reviews of TDM.
Consequently, comparisons have been made based on different approaches, which may
influence the results. The International Association for Therapeutic Drug Monitoring and
Clinical Toxicology has adopted the following definition:

Therapeutic drug monitoring is defined as the measurement made in the laboratory of a parameter that,
with appropriate interpretation, will directly influence prescribing procedures. Commonly the meas‐
urement is in a biologic matrix of a prescribed xenobiotic, but it may also be of an endogenous compound
prescribed as replacement therapy in an individual who is physiologically or pathologically deficient in
that compound. This definition places TDM within the total therapeutic approach and should
give not only more emphasis to the medication and patient-safety aspects of pharmacotherapy,
but also more insight into why there are differences in efficacy among different patients. This
definition implies that clinical pharmacologists have an active involvement in drug therapy,
something that is not yet realized in many countries [56].

3.3.1. Why TDM for immunosuppressants?

For a drug to be a suitable candidate for therapeutic drug monitoring it must satisfy the
following criteria [55]:

1. There should be a clear relationship between drug concentration and effect.

2. The drug should have a narrow therapeutic index; that is, the difference in the concen‐
trations exerting therapeutic benefit and dose causing adverse events should be small.

3. There should be considerable between-subject pharmacokinetic variability and, therefore,
a poor relationship between dose and drug concentration/response.

4. The pharmacological response of the drug should be difficult to assess or to distinguish
form adverse events.

The most commonly used immunosuppressants require TDM because of their narrow
therapeutic index and significant variability in blood concentrations between individuals. In
transplant recipients, both supratherapeutics and subtherapeutics drug concentrations can
have devastating results. At subtherapeutics drug concentrations, the transplant recipient is
at risk for allograft rejection. At supratherapeutics drug concentrations, the patient is at risk
for over-immunosuppression which can potentially lead to infection or drug specific side
effects. It is it known that neurological and gastrointestinal side effects occur more frequently
at higher concentrations of TRL [53]. Immunosuppressants display significant interindividual
variability in plasma drug concentrations, which creates the demand for TDM when such
drugs are used.

3.3.2. Factors contributing to the variability

Immunosuppressants display significant interindividual variability in plasma drug concen‐
trations, which creates the demand for TDM when such drugs are used. It is appropriate to
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conclusions about the result, and advising the physician who ordered the test how to optimize
treatment. It is important to apply a uniform definition of TDM here, because different
definitions have previously been used in cost-effectiveness studies and reviews of TDM.
Consequently, comparisons have been made based on different approaches, which may
influence the results. The International Association for Therapeutic Drug Monitoring and
Clinical Toxicology has adopted the following definition:

Therapeutic drug monitoring is defined as the measurement made in the laboratory of a parameter that,
with appropriate interpretation, will directly influence prescribing procedures. Commonly the meas‐
urement is in a biologic matrix of a prescribed xenobiotic, but it may also be of an endogenous compound
prescribed as replacement therapy in an individual who is physiologically or pathologically deficient in
that compound. This definition places TDM within the total therapeutic approach and should
give not only more emphasis to the medication and patient-safety aspects of pharmacotherapy,
but also more insight into why there are differences in efficacy among different patients. This
definition implies that clinical pharmacologists have an active involvement in drug therapy,
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1. There should be a clear relationship between drug concentration and effect.

2. The drug should have a narrow therapeutic index; that is, the difference in the concen‐
trations exerting therapeutic benefit and dose causing adverse events should be small.

3. There should be considerable between-subject pharmacokinetic variability and, therefore,
a poor relationship between dose and drug concentration/response.

4. The pharmacological response of the drug should be difficult to assess or to distinguish
form adverse events.

The most commonly used immunosuppressants require TDM because of their narrow
therapeutic index and significant variability in blood concentrations between individuals. In
transplant recipients, both supratherapeutics and subtherapeutics drug concentrations can
have devastating results. At subtherapeutics drug concentrations, the transplant recipient is
at risk for allograft rejection. At supratherapeutics drug concentrations, the patient is at risk
for over-immunosuppression which can potentially lead to infection or drug specific side
effects. It is it known that neurological and gastrointestinal side effects occur more frequently
at higher concentrations of TRL [53]. Immunosuppressants display significant interindividual
variability in plasma drug concentrations, which creates the demand for TDM when such
drugs are used.

3.3.2. Factors contributing to the variability

Immunosuppressants display significant interindividual variability in plasma drug concen‐
trations, which creates the demand for TDM when such drugs are used. It is appropriate to
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look into the multitude of factors that contribute to the interindividual variability. Some of the
factors include drug-nutrients interactions, drug-disease interactions, renal insufficiency,
inflammation and infection, gender, age, polymorphism and liver mass. Drug nutrient
interactions are becoming very widely appreciated. The metabolism of drugs sometimes also
depends on the type of diet taken by the patients. Renal transplant patients may have reduced
oral bioavailability for TRL. When given with meals, especially with high fat content food, oral
bioavailability of TRL decreases [57].

To avoid the possible effect of food on TRL bioavailability, the drug should be given at a
constant time in relation to meals. Several studies have demonstrated that grapefruit juice can
increase plasma concentrations of CsA by inhibiting CYP3A-mediated metabolism and by
increasing drug absorption via inhibition of P-glycoprotein (P-gp) efflux transporters. Also,
oral TRL should not be taken with grapefruit juice since this vehicle inhibits CYP3A4 and/or
P-gp contained in the gastrointestinal tract and markedly increases bioavailability. Similarly,
drug disease interactions can also contribute to interindividual variability in plasma concen‐
tration of immunosuppressants. Renal insufficiency can result in an altered free fraction of
MPA due to the reduction in protein binding. MMF is rapidly converted to its active form,
MPA, upon reaching the systemic circulation. MPA is metabolized to its glucuronide metab‐
olite, MPA glucuronide (MPAG), by glucoronyl transferases in the liver and possibly else‐
where. MPAG is then excreted by the kidney. MPA is extensively and avidly bound to serum
albumin. Previous studies have demonstrated that it is only the free (non-protein-bound)
fraction of MPA that is available to exert its action. In vivo and in vitro studies demonstrate that
renal insufficiency decreases the protein binding of MPA and increases free drug concentra‐
tions. This decrease in protein binding seems to be caused both by the uremic state itself and
by competition with the retained metabolite MPAG. The disposition of MPA in patients with
severe renal impairment may be significantly affected by this change in protein binding [58].
The concomitant administration of TRL and nonsteroidal anti-inflammatory drugs has been
described as a possible cause of increased TRL nephrotoxicity because of the reduction of
vasodilator prostaglandin synthesis through a blockade of the enzyme cyclo-oxygenase.
Coadministration of ibuprofen and TRL has resulted in acute renal failure. Drugs such as
aminoglycosides, cotrimoxazole (trimethoprim/sulfamethoxazole), amphotericin B and
aciclovir, which cause significant renal dysfunction on their own, may also enhance TRL
nephrotoxicity in the absence of careful monitoring of both renal function and drug concen‐
trations [59].

It has been demonstrated that the in vitro metabolism of CsA in human liver microsomes was
significantly reduced by TRL [60]. Interaction between MMF and TRL or CsA is probably
related to a possible inhibitory effect of TRL on MPA metabolism and an inhibition of the
enterohepatic recirculation of MPA by CsA, resulting in a substantial reduction in the MMF
dosage when associated with TRL as compared with CsA. This has been reported in pediatric
renal allograft patients and animal models [61,62].

Gender  also  influences  drug  concentration.  Biologic  differences  exist  between  men  and
women that  can  result  in  differences  in  responses  to  drugs.  Both  pharmacokinetic  and
pharmacodynamic differences between the sexes exist, with more data on pharmacokinet‐
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ic  differences.  Bioavailability  after  oral  drug dosing,  for  CYP3A substrates  in  particular,
may be somewhat higher in women compared to men [63]. It is known that MPA is pri‐
marily metabolized in the liver to its MPAG derivative. Morissette et al., found that men
treated with MMF and TRL showed a lower ratio than patients treated with this couple
of drugs,  confirming that  TRL inhibits  glucuronidation of  MPA. Because MPAG can fa‐
vor the elimination of MPA, they concluded that gender differences and cotreatment with
TRL must be taken into consideration when MMF is being administered [64]. Velickovic
et  al.,  investigated the gender differences in pharmacokinetics of  TRL, their  result  show
remarkable gender-related differences between women and men after the first  oral  dose
among kidney transplant recipients on quaternary immunosuppressive therapy, including
TRL, MMF, methylprednisolone and basiliximab [65].

Likewise, age can also contribute to interindividual difference in immunosuppressant plasma
concentration. Pharmacokinetic parameters observed in adults may not be applicable to
children, especially to the younger age groups. In general, patients younger than 5 years of
age show higher clearance rates regardless of the organ transplanted or the immunosuppres‐
sive drug used [66]. Young children (1–6 years of age) appear to need higher doses per kilogram
body weight of TRL than older children and adults to maintain similar trough concentrations.
The reason for this age-related faster clearance rate is unknown [67]. Pediatric transplant
recipients require higher doses of CsA to maintain blood concentrations equal to those found
in adults [68]. Studies using intravenous CsA demonstrate that this is not because of any
metabolic differences, as CsA clearance is not related to age [69].

Polymorphism has demonstrated functional consequences of many drug metabolizing
enzymes. For example, CsA is known substrate for CYP3A4/5 and P-gp. CYP3A5 is one of the
main CYP3A enzymes and its expression is clearly polymorphic and shows ethnic dependence.
TRL is primarily metabolized by cytochrome P450(CYP)3A enzymes in the gut wall and liver.
It is also a substrate for P-gp, which counter-transports diffused TRL out of intestinal cells and
back into the gut lumen. Age-associated alterations in CYP3A and P-gp expression and/or
activity, along with liver mass and body composition changes would be expected to affect the
pharmacokinetics of TRL in the elderly [70]. The importance of interethnic differences in the
pharmacokinetics of immunosuppressants has been recognized as having a significant impact
on the outcome of transplantation. In a retrospective analysis Fitzimmons et al., found that the
oral bioavailability of TRL in African American healthy volunteers and kidney transplant
patients was significantly lower than in non-African Americans, but there was no statistically
significant difference in clearance [71]. These results were confirmed in a healthy volunteer
study. The absolute oral bioavailability of TRL in African American and Latin American
subjects was significantly lower than in Caucasians. The results suggested that the observed
ethnic differences in TRL pharmacokinetics were, instead, related to differences in intestinal
P-glycoprotein-mediated efflux and CYP3A-mediated metabolism rather than differences in
hepatic elimination [72].

Other ethnic groups such as the Japanese populations are not different from the Caucasian
population because their transplant outcomes were comparable under usual TRL dosages [73].
All this factors contribute to the variability of immunosuppressant concentrations which has
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among kidney transplant recipients on quaternary immunosuppressive therapy, including
TRL, MMF, methylprednisolone and basiliximab [65].

Likewise, age can also contribute to interindividual difference in immunosuppressant plasma
concentration. Pharmacokinetic parameters observed in adults may not be applicable to
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age show higher clearance rates regardless of the organ transplanted or the immunosuppres‐
sive drug used [66]. Young children (1–6 years of age) appear to need higher doses per kilogram
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activity, along with liver mass and body composition changes would be expected to affect the
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pharmacokinetics of immunosuppressants has been recognized as having a significant impact
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oral bioavailability of TRL in African American healthy volunteers and kidney transplant
patients was significantly lower than in non-African Americans, but there was no statistically
significant difference in clearance [71]. These results were confirmed in a healthy volunteer
study. The absolute oral bioavailability of TRL in African American and Latin American
subjects was significantly lower than in Caucasians. The results suggested that the observed
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Other ethnic groups such as the Japanese populations are not different from the Caucasian
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to be maintained within therapeutic range in order to achieve the optimal benefit of drug
therapy, rendering TDM necessary for these drugs.

4. Monitoring of individual immunosuppressive agents

4.1. Cyclosporine (CsA)

The introduction of CsA in the early 1980s was immediately associated with an enhanced one
year renal allograft survival; however, the argument for the therapeutic monitoring to optimize
efficacy and safety, has been discussed in the last 25 years and it is still debated [74].

4.1.1. Therapeutic monitoring

4.1.1.1. Trough concentration (C0) monitoring

Over the past two decades, there have been changes to recommended CsA dosing, changes in
concomitant medications, and one major change to the oral drug formulation. Lately, there
has also been the introduction of generic formulations of CsA [75]. In 1988, in a prospective
study showed that although C0 (trough concentration) levels of CsA correlated poorly with
dose, Cmax was significantly correlated with dose, Area Under the Curve (AUC) and elimi‐
nation half-life (t1/2). Those who suffered acute rejection had a significantly lower Cmax by 15–
31% [76]. The problem with this method for adjusting the dosage of CsA is that it relies on only
one aspect of CsA pharmacokinetics, the predose or trough concentration. With the original
formulation of CsA, Sandimmune®, this was the best practice, but during the conversion of
patients from that formulation to the improved formulation, Neoral® the 2 h post-dose
concentration has been advocated as a single concentration monitoring alternative to C0 [77].
The microemulsion formulation of CsA, Neoral®, makes CsA pharmacokinetics more
predictable and reduces the effects of bile and food on absorption [78]. Nevertheless the
predose concentration is still widely used in clinical practice. Currently, most transplant
centers measure a single steady-state CsA concentration as either a C0 predose trough or 2
hours postdose, while some conduct multiple measurements to determine CsA AUC estimates
[79]. The target predose concentrations varied not only with transplanted organ and time after
transplant but also with the analytical method used. The therapeutic range of CsA used by
clinicians varies greatly according to the type of assay used to measure CsA and whether blood
or serum concentrations are determined by the clinical laboratory.

Thus, it has reported by high pressure liquid chromatography, monoclonal fluorescence
polarization immunoassay (monoclonal TDx assay, Abbott Diagnostics®), or monoclonal
radioimmunoassay (various manufacturers), the level of therapeutic concentrations in blood
are 10-400 ng/mL. By high pressure liquid chromatography, monoclonal fluorescence polari‐
zation immunoassay (monoclonal TDx assay, Abbott Diagnostics®), or monoclonal radioim‐
munoassay (various manufacturers), the level of therapeutic concentrations in serum are
50-150 ng/mL. By polyclonal fluorescence polarization immunoassay (monoclonal TDx assay,
Abbott Diagnostics®), or polyclonal radioimmunoassay (various manufacturers) the level of
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therapeutic concentrations in blood are 200-800 ng/mL, and by polyclonal fluorescence
polarization immunoassay (monoclonal TDx assay, Abbott Diagnostics®), or polyclonal
radioimmunoassay (various manufacturers), the level of therapeutic concentrations in plasma
are 100-400 ng/mL [79].

4.1.1.2. Area under the blood concentration-time curve (AUC)

The first steps towards the development of a more precise monitoring strategy for CsA resulted
from the landmark studies by Lindholm and Kahan and Kahan et al., which identified a link
between the pharmacokinetics of CsA and clinical outcomes in the individual transplant
recipient [80,81]. The area under the concentration-time curve for CsA over a 12-hour drug
administration interval (AUC0-12h) was a more precise predictor of graft loss and incidence of
acute rejection than other parameters, including the C0. Since then, subsequent studies on the
pharmacokinetics of CsA in renal transplant patients have identified that intrapatient varia‐
bility in AUC values over time was directly correlated with the risk of chronic rejection [77,82].

Proper calculation of AUC requires administration of a dose, followed by blood collection
according to an intensive sampling strategy. Concentration values obtained are used to
calculate AUC, usually by the trapezoidal method [78]. Some advantages of AUC monitoring
are that it is the most precise indicator of drug exposure, can characterize abnormal absorption
patterns, appears to be a predictor of clinical outcomes, generates a concentration-time profile,
allows calculation of oral pharmacokinetic parameters, and reduces the problems associated
with laboratory errors and single concentrations [74,83,84].

Despite its appealing potential advantages, the major disadvantage of AUC monitoring is its
inherent need for multiple blood samples. The increased number of samples required, makes
AUC monitoring impractical for routine clinical use, more expensive in the short term because
of increased sample collection, analysis and interpretation of results, and inconvenient for
patients, especially those in an outpatient setting [77,85]. AUC has been advocated as a better
parameter to monitor than trough concentrations, because trough concentrations give no
indication of exposure to CsA. For example, 2 patients could have the same trough concen‐
tration, but one could have a much lower AUC and, therefore, exposure to CsA. Unfortunately,
AUC monitoring is not clinically feasible because of the added time, expense and inconven‐
ience required to collect a sufficient number of samples to properly calculate AUC. Although
the full AUC for CsA has been demonstrated as being a sensitive monitoring tool, there may
be an alternative approach to the determination of the degree and variability of CsA exposure
in the individual patient [77,83].

4.1.1.3. Two hours post dose concentration monitoring (C2)

This approach, which is termed ‘absorption profiling’, has the underlying rationale that the 4-
hour absorption phase following administration provides measurements that are more
informative than C0 monitoring in the assessment of likely CsA exposure and subsequent
clinical response [86,87]. AUC0-4h monitoring is a sensitive tool used to optimize CsA immu‐
nosuppression in renal transplant recipients. However, the tool is not practical in the clinical
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setting because of 3 drawbacks: (1) it requires multiple sampling of blood for determination
of the AUC0-4h, (2) the actual value requires a mathematical calculation step, and (3) the test
may be too expensive for many clinical hospitals or institutions because of the use of added
costly laboratory tests for CsA concentrations and the subsequent increase in workload.
Therefore, the search for a single blood-sampling point that best reflects the sensitivity of
AUC0-4h was the focus of several research initiatives that resulted in a broad approval for C2

monitoring [82,85]. This method is done by measuring either the area under the blood CsA
concentration-time curve in the first hours after dose, AUC0-4 or, more simply, by measuring
the blood CsA concentration at 2 hours after dose, C2 [82].

In the novo patients this monitoring method has led to result in the following clinical benefits
compared with trough concentration monitoring [88]: (1) reduced incidence of acute rejection,
(2) reduced severity of rejection episodes and (3) reduced incidence of nephrotoxicity.

4.1.1.4. Bayesian forecasting

The initial pharmacokinetic models for CsA were complicated by the nonlinear, segmented,
zero order absorption of the drug from the gut [77,89]. Bayesian forecasting is a TDM tool that
has been successfully used clinically in the monitoring of drugs that have a narrow therapeutic
index, including antiepileptic drugs, theophylline and aminoglycosides; however, although
Bayesian forecasting has proven useful clinically with other drugs, this is not the case with
CsA [78]. Bayesian forecasting, in its modern form, was first proposed in 1979 by Sheiner et
al. [90]. Since that time, user-friendly computer programs that perform this technique have
become widely available. These programs are capable of calculating dosage regimens and
pharmacokinetic parameters, as well as predicting drug concentrations by blending popula‐
tion values with patient-specific values [78]. However, these methods were technically
complex and were not practical or successful for individualizing CsA therapy in a routine
clinical setting and therefore did not gain widespread use. The introduction of Neoral, with
its less variable and more predictable blood concentration profile, has rekindled interest in the
pharmacokinetic modeling of CsA and in the use of Bayesian forecasting to predict CsA blood
concentrations [77].

4.2. Tacrolimus (TRL)

The  therapeutic  range  for  TRL  used  by  most  transplantation  centers  is  5–20  ng/mL  in
blood. Although, plasma TRL concentrations have been measured and an equivalent ther‐
apeutic  range in this  matrix  suggested (0.5–2 ng/mL),  the two most  widely used assays
for the drug use blood samples.  Because this drug is extensively bound to erythrocytes,
blood concentrations average about  15 times greater  than concurrently measured serum
or  plasma concentrations  [57,79,91].  As  a  result,  whole  blood has  become the  principal
sample used for TRL concentration monitoring, with extraction accomplished through cell
lysis  and protein  denaturation steps  that  are  similar  or  identical  to  those  used for  CsA
analysis [51]. The pharmacokinetics of TRL is highly variable. Since TRL shares many of
the pharmacokinetic  and pharmacodynamic problems associated with CsA the rationale
for TDM is similar. Although the feasibility of a limited sampling scheme to predict AUC
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has been demonstrated, as yet, through or predose whole blood concentration monitoring
is still the method of choice [55].

4.2.1. Therapeutic monitoring

TRL whole-blood through concentrations have been found to correlate well with the area
under the concentration-time curve measurements in liver, kidney and bone marrow trans‐
plant recipients (r= 0.91-0.99). Thus, through concentrations are good index of overall drug
exposure, and are currently used for routine monitoring as part of patient care posttransplan‐
tation [91,92]. This approach offers the opportunity to reduce the pharmacokinetic variability
by implementing drug dose adjustments based on plasma/blood concentrations. Drug levels
are obtained as predose (12 hours after previous dose) trough concentrations in whole blood
[88]. These trough levels correlate reasonably well with area under the curve, with total area
under the curve being an accurate measure of drug exposure [94].

Therapeutic ranges of TRL after kidney transplantation are reported as a range for various
times after transplant: 0-1 month, 15-20 μg/L; 1-3 months, 10-15 μg/L; and more than 3 months,
5-12 μg/L [95]. TRL blood concentrations are monitored 3 to 7 days a week for the first 2 weeks,
at least three times for the following 2 weeks, and whenever the patient comes for an outpatient
visit thereafter [96]. On the basis of the terminal half-life of TRL, it was suggested to start
monitoring blood concentrations 2 to 3 days after initiation of TRL treatment after the drug
has reached steady state. However it is important to reach effective drug concentrations early
after transplantation to decrease the risk of acute rejection and to avoid excessive early
calcineurin inhibitors concentrations that may be severely damaging after reperfusion of the
transplanted organ [97].

The frequency of TDM of TRL should be increased in the case of suspected adverse events or
rejection, when liver function is deteriorating, after dose adjustments of the immunosuppres‐
sants, change of route of administration, or change of drug formulations, when drugs that are
known to interact with CYP3A or P-gP are added or discontinued, or when their doses are
changed, in case of severe illness that may affect drug absorption or elimination such as severe
immune reactions and sepsis, or if noncompliance is suspected [98].

4.3. Mycophenolic acid (MPA)

In 1995,  for preventing rejection in renal  transplant patients,  MMF, the morpholinoethyl
ester prodrug from MPA was approved for clinical use. This drug has since become the
predominant anti-metabolite immunosuppressive used in the transplant setting. Although
the  current  labeling  information  for  MMF  does  not  indicate  any  need  for  therapeutic
monitoring of plasma MPA concentrations, there were a number of studies showing a re‐
lationship between MPA pharmacokinetics and clinical outcome [99].  Definitive determi‐
nation  of  the  pharmacokinetics  of  the  drug  in  renal  allograft  recipients  after
transplantation is not without difficulty. In principle, substantial changes in pharmacoki‐
netics  could  be  produced  by  changes  following  transplantation,  both  in  the  immediate
post-transplant period (reflecting rapid alterations in drug therapy, renal function, hemo‐
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setting because of 3 drawbacks: (1) it requires multiple sampling of blood for determination
of the AUC0-4h, (2) the actual value requires a mathematical calculation step, and (3) the test
may be too expensive for many clinical hospitals or institutions because of the use of added
costly laboratory tests for CsA concentrations and the subsequent increase in workload.
Therefore, the search for a single blood-sampling point that best reflects the sensitivity of
AUC0-4h was the focus of several research initiatives that resulted in a broad approval for C2

monitoring [82,85]. This method is done by measuring either the area under the blood CsA
concentration-time curve in the first hours after dose, AUC0-4 or, more simply, by measuring
the blood CsA concentration at 2 hours after dose, C2 [82].

In the novo patients this monitoring method has led to result in the following clinical benefits
compared with trough concentration monitoring [88]: (1) reduced incidence of acute rejection,
(2) reduced severity of rejection episodes and (3) reduced incidence of nephrotoxicity.

4.1.1.4. Bayesian forecasting

The initial pharmacokinetic models for CsA were complicated by the nonlinear, segmented,
zero order absorption of the drug from the gut [77,89]. Bayesian forecasting is a TDM tool that
has been successfully used clinically in the monitoring of drugs that have a narrow therapeutic
index, including antiepileptic drugs, theophylline and aminoglycosides; however, although
Bayesian forecasting has proven useful clinically with other drugs, this is not the case with
CsA [78]. Bayesian forecasting, in its modern form, was first proposed in 1979 by Sheiner et
al. [90]. Since that time, user-friendly computer programs that perform this technique have
become widely available. These programs are capable of calculating dosage regimens and
pharmacokinetic parameters, as well as predicting drug concentrations by blending popula‐
tion values with patient-specific values [78]. However, these methods were technically
complex and were not practical or successful for individualizing CsA therapy in a routine
clinical setting and therefore did not gain widespread use. The introduction of Neoral, with
its less variable and more predictable blood concentration profile, has rekindled interest in the
pharmacokinetic modeling of CsA and in the use of Bayesian forecasting to predict CsA blood
concentrations [77].

4.2. Tacrolimus (TRL)

The  therapeutic  range  for  TRL  used  by  most  transplantation  centers  is  5–20  ng/mL  in
blood. Although, plasma TRL concentrations have been measured and an equivalent ther‐
apeutic  range in this  matrix  suggested (0.5–2 ng/mL),  the two most  widely used assays
for the drug use blood samples.  Because this drug is extensively bound to erythrocytes,
blood concentrations average about  15 times greater  than concurrently measured serum
or  plasma concentrations  [57,79,91].  As  a  result,  whole  blood has  become the  principal
sample used for TRL concentration monitoring, with extraction accomplished through cell
lysis  and protein  denaturation steps  that  are  similar  or  identical  to  those  used for  CsA
analysis [51]. The pharmacokinetics of TRL is highly variable. Since TRL shares many of
the pharmacokinetic  and pharmacodynamic problems associated with CsA the rationale
for TDM is similar. Although the feasibility of a limited sampling scheme to predict AUC
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has been demonstrated, as yet, through or predose whole blood concentration monitoring
is still the method of choice [55].

4.2.1. Therapeutic monitoring

TRL whole-blood through concentrations have been found to correlate well with the area
under the concentration-time curve measurements in liver, kidney and bone marrow trans‐
plant recipients (r= 0.91-0.99). Thus, through concentrations are good index of overall drug
exposure, and are currently used for routine monitoring as part of patient care posttransplan‐
tation [91,92]. This approach offers the opportunity to reduce the pharmacokinetic variability
by implementing drug dose adjustments based on plasma/blood concentrations. Drug levels
are obtained as predose (12 hours after previous dose) trough concentrations in whole blood
[88]. These trough levels correlate reasonably well with area under the curve, with total area
under the curve being an accurate measure of drug exposure [94].

Therapeutic ranges of TRL after kidney transplantation are reported as a range for various
times after transplant: 0-1 month, 15-20 μg/L; 1-3 months, 10-15 μg/L; and more than 3 months,
5-12 μg/L [95]. TRL blood concentrations are monitored 3 to 7 days a week for the first 2 weeks,
at least three times for the following 2 weeks, and whenever the patient comes for an outpatient
visit thereafter [96]. On the basis of the terminal half-life of TRL, it was suggested to start
monitoring blood concentrations 2 to 3 days after initiation of TRL treatment after the drug
has reached steady state. However it is important to reach effective drug concentrations early
after transplantation to decrease the risk of acute rejection and to avoid excessive early
calcineurin inhibitors concentrations that may be severely damaging after reperfusion of the
transplanted organ [97].

The frequency of TDM of TRL should be increased in the case of suspected adverse events or
rejection, when liver function is deteriorating, after dose adjustments of the immunosuppres‐
sants, change of route of administration, or change of drug formulations, when drugs that are
known to interact with CYP3A or P-gP are added or discontinued, or when their doses are
changed, in case of severe illness that may affect drug absorption or elimination such as severe
immune reactions and sepsis, or if noncompliance is suspected [98].

4.3. Mycophenolic acid (MPA)

In 1995,  for preventing rejection in renal  transplant patients,  MMF, the morpholinoethyl
ester prodrug from MPA was approved for clinical use. This drug has since become the
predominant anti-metabolite immunosuppressive used in the transplant setting. Although
the  current  labeling  information  for  MMF  does  not  indicate  any  need  for  therapeutic
monitoring of plasma MPA concentrations, there were a number of studies showing a re‐
lationship between MPA pharmacokinetics and clinical outcome [99].  Definitive determi‐
nation  of  the  pharmacokinetics  of  the  drug  in  renal  allograft  recipients  after
transplantation is not without difficulty. In principle, substantial changes in pharmacoki‐
netics  could  be  produced  by  changes  following  transplantation,  both  in  the  immediate
post-transplant period (reflecting rapid alterations in drug therapy, renal function, hemo‐
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dynamics  and  gastrointestinal  motility)  as  well  as  more  gradual  changes  (reflecting
change in bodyweight, plasma proteins and organ function) [100]. The greatest variability
in MPA pharmacokinetic is noted in the initial 2 months following transplantation, when
adequate immunosuppression is critical to graft function and survival. It has also become
apparent from longer term pharmacokinetic studies that exposure to MPA increases over
time due to reduced clearance of  the drug.  A possible  additional  factor  that  could con‐
tribute  to  the  higher  oral  clearance  of  MPA early  after  transplantation  is  corticosteroid
therapy, which is significantly higher in that period but then is tapered to low dose lev‐
els  or  completely  withdrawn.  Based  upon  the  marked  pharmacokinetic  variability  ob‐
served with MPA and the pharmacodynamic relationship of pharmacokinetic parameters
to rejection outcome, several scientific societies and consensus conferences have advocat‐
ed the use of concentration monitoring for patients undergoing treatment with MMF or
enteric-coated MPA [101].

4.3.1. Therapeutic monitoring

The incorporation of MMF into immunosuppressive regimens has been associated with
decrease rates of acute rejection and decreased chronic allograft loss. Indications for TDM of
mycophenolates were reviewed in a consensus meeting [101]. They included high-risk
patients, patients with delayed graft function, or patients with immunosuppressive protocols
excluding induction therapy or steroids or calcineurin inhibitor or patients with calcineurin
minimization. Most of these patients (especially high-risk patients) are often excluded from
the clinical trials. In fact, MPA TDM is currently only used in a few transplant centers on a
routine basis, whereas a few others only checked MPA exposure in case of unexpected acute
rejection or adverse event or drug interaction. Most of the centers never measure MPA. It is
clear that the use of MPA TDM is conditioned by the faith of the physicians in its use, local
availability of MPA measurements, and organization of the nursing staff [102].

4.3.1.1. Trough concentration (C0) monitoring

Although a relationship between AUC and outcome exists, the clinical utility of concentration
monitoring, particularly C0 monitoring for MMF, has been questioned. Over the past decade,
several studies were conducted to evaluate the clinical utility of prospective concentration
controlled MMF therapy. While these studies were anticipated to fully clarify the utility of
monitored MMF therapy, the outcomes from these studies are conflicting and have done little
to settle the controversies surrounding this area of therapeutic drug monitoring [100]. With
trough concentration, plasma concentration of MPA is measured immediately before a dose,
it is easy to measure because only -ask patient to return to give sample, it is immediately before
a dose, and only requires single simple possible association between C0 and decreased rejection
noted in transplant recipients. However this method represents some disadvantages. Timing
may not be accurate (depends on remembering time of last dose). Timing may vary from the
“ideal” (12 h after last dose) by several hours. There is no high-level evidence of a strong
association between C0 and outcome, or between C0 and AUC0–12, C0 is not a very informative
time point for estimation of individual pharmacokinetic parameters. Single time-point samples
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such as the trough concentration or others do not correlate well with the MPA AUC, especially
in the early posttransplantation period [103].

4.3.1.2. Limited sampling strategies for estimation of MPA AUC

The dose interval MPA AUC0–12 h is generally regarded as the most reliable pharmacokinetic
parameter index of risk for acute rejection but is impractical to measure in routine clinical
practice. Single time-point samples such as the trough concentration or others, do not correlate
well with the MPA AUC, especially in the early posttransplantation period renal transplant
patients and for regimens that include MMF plus CsA, TRL, or SRL [104]. Therefore, assess‐
ment of whether C0 concentrations or other single time points correlate well with the AUC is
important for establishing routine monitoring of the drug. Apart of the C0 level other single
time points after MMF dosing are examined for their ability to predict full AUC values. A full
MPA AUC typically requires at least eight blood samples during 12 hour dose interval. In
clinical practice this is impractical; therefore, abbreviated sampling schemes involving the
collection of there to five plasma samples have been investigated. The abbreviated sampling
approach has provided estimations of MPA AUC with high correlations (r2>0.8). Several
models have been developed all of them in renal transplant patients [105-108].

4.4. Sirolimus (SRL)

SRL (formerly known as rapamycin) is a macrolide antibiotic with immunosuppressive
properties that was introduced relatively recently (September 1999) into clinical practice for
maintenance therapy in organ transplantation [109]. Pharmacokinetics studies of SRL in renal
transplant patients have been shown great variability between patients. Several features
contribute to the interpatient pharmacokinetic variability observed with SRL and can include
any combination of the following: absorption, distribution, metabolism and/or excretion [110].

This drug presents a rapid gastrointestinal absorption (tmax from 0.33 to 5 hours) as well as a
low (mean value 14%) and variable bioavailability. It has been reported that SRL is a substrate
for the multidrug P-glycoprotein transporter and that the biotransformation of SRL is medi‐
ated by CYP3A enzymes. Accordingly, considerable variability in its pharmacokinetic
parameters may be expected (apparent blood clearance rates after oral administration from 87
to 416 mL/h/kg). In addition, the disposition of SRL in humans includes a large volume of
distribution, a long half-life (35 to 95 hours) and dose proportionality for Cmax and AUC. Also,
some interracial variability and an influence of hepatic dysfunction have been noted with SRL
[111]. Although structurally similar to TRL, SRL has a novel mechanism of action, which leads
to synergy with CsA. The long half-life of the drug necessitates a loading dose to achieve
therapeutic concentrations quickly, and also allows for once daily administration. Highly
variable absorption and metabolism of the drug result in large differences in blood concen‐
trations among patients receiving the same dose. Efficacy for the prevention of acute rejection
episodes, and the rate of common adverse effects (thrombocytopenia, leucopenia and hyper‐
triglyceridemia), are concentration-dependent [112].
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dynamics  and  gastrointestinal  motility)  as  well  as  more  gradual  changes  (reflecting
change in bodyweight, plasma proteins and organ function) [100]. The greatest variability
in MPA pharmacokinetic is noted in the initial 2 months following transplantation, when
adequate immunosuppression is critical to graft function and survival. It has also become
apparent from longer term pharmacokinetic studies that exposure to MPA increases over
time due to reduced clearance of  the drug.  A possible  additional  factor  that  could con‐
tribute  to  the  higher  oral  clearance  of  MPA early  after  transplantation  is  corticosteroid
therapy, which is significantly higher in that period but then is tapered to low dose lev‐
els  or  completely  withdrawn.  Based  upon  the  marked  pharmacokinetic  variability  ob‐
served with MPA and the pharmacodynamic relationship of pharmacokinetic parameters
to rejection outcome, several scientific societies and consensus conferences have advocat‐
ed the use of concentration monitoring for patients undergoing treatment with MMF or
enteric-coated MPA [101].

4.3.1. Therapeutic monitoring

The incorporation of MMF into immunosuppressive regimens has been associated with
decrease rates of acute rejection and decreased chronic allograft loss. Indications for TDM of
mycophenolates were reviewed in a consensus meeting [101]. They included high-risk
patients, patients with delayed graft function, or patients with immunosuppressive protocols
excluding induction therapy or steroids or calcineurin inhibitor or patients with calcineurin
minimization. Most of these patients (especially high-risk patients) are often excluded from
the clinical trials. In fact, MPA TDM is currently only used in a few transplant centers on a
routine basis, whereas a few others only checked MPA exposure in case of unexpected acute
rejection or adverse event or drug interaction. Most of the centers never measure MPA. It is
clear that the use of MPA TDM is conditioned by the faith of the physicians in its use, local
availability of MPA measurements, and organization of the nursing staff [102].

4.3.1.1. Trough concentration (C0) monitoring

Although a relationship between AUC and outcome exists, the clinical utility of concentration
monitoring, particularly C0 monitoring for MMF, has been questioned. Over the past decade,
several studies were conducted to evaluate the clinical utility of prospective concentration
controlled MMF therapy. While these studies were anticipated to fully clarify the utility of
monitored MMF therapy, the outcomes from these studies are conflicting and have done little
to settle the controversies surrounding this area of therapeutic drug monitoring [100]. With
trough concentration, plasma concentration of MPA is measured immediately before a dose,
it is easy to measure because only -ask patient to return to give sample, it is immediately before
a dose, and only requires single simple possible association between C0 and decreased rejection
noted in transplant recipients. However this method represents some disadvantages. Timing
may not be accurate (depends on remembering time of last dose). Timing may vary from the
“ideal” (12 h after last dose) by several hours. There is no high-level evidence of a strong
association between C0 and outcome, or between C0 and AUC0–12, C0 is not a very informative
time point for estimation of individual pharmacokinetic parameters. Single time-point samples
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such as the trough concentration or others do not correlate well with the MPA AUC, especially
in the early posttransplantation period [103].

4.3.1.2. Limited sampling strategies for estimation of MPA AUC

The dose interval MPA AUC0–12 h is generally regarded as the most reliable pharmacokinetic
parameter index of risk for acute rejection but is impractical to measure in routine clinical
practice. Single time-point samples such as the trough concentration or others, do not correlate
well with the MPA AUC, especially in the early posttransplantation period renal transplant
patients and for regimens that include MMF plus CsA, TRL, or SRL [104]. Therefore, assess‐
ment of whether C0 concentrations or other single time points correlate well with the AUC is
important for establishing routine monitoring of the drug. Apart of the C0 level other single
time points after MMF dosing are examined for their ability to predict full AUC values. A full
MPA AUC typically requires at least eight blood samples during 12 hour dose interval. In
clinical practice this is impractical; therefore, abbreviated sampling schemes involving the
collection of there to five plasma samples have been investigated. The abbreviated sampling
approach has provided estimations of MPA AUC with high correlations (r2>0.8). Several
models have been developed all of them in renal transplant patients [105-108].

4.4. Sirolimus (SRL)

SRL (formerly known as rapamycin) is a macrolide antibiotic with immunosuppressive
properties that was introduced relatively recently (September 1999) into clinical practice for
maintenance therapy in organ transplantation [109]. Pharmacokinetics studies of SRL in renal
transplant patients have been shown great variability between patients. Several features
contribute to the interpatient pharmacokinetic variability observed with SRL and can include
any combination of the following: absorption, distribution, metabolism and/or excretion [110].

This drug presents a rapid gastrointestinal absorption (tmax from 0.33 to 5 hours) as well as a
low (mean value 14%) and variable bioavailability. It has been reported that SRL is a substrate
for the multidrug P-glycoprotein transporter and that the biotransformation of SRL is medi‐
ated by CYP3A enzymes. Accordingly, considerable variability in its pharmacokinetic
parameters may be expected (apparent blood clearance rates after oral administration from 87
to 416 mL/h/kg). In addition, the disposition of SRL in humans includes a large volume of
distribution, a long half-life (35 to 95 hours) and dose proportionality for Cmax and AUC. Also,
some interracial variability and an influence of hepatic dysfunction have been noted with SRL
[111]. Although structurally similar to TRL, SRL has a novel mechanism of action, which leads
to synergy with CsA. The long half-life of the drug necessitates a loading dose to achieve
therapeutic concentrations quickly, and also allows for once daily administration. Highly
variable absorption and metabolism of the drug result in large differences in blood concen‐
trations among patients receiving the same dose. Efficacy for the prevention of acute rejection
episodes, and the rate of common adverse effects (thrombocytopenia, leucopenia and hyper‐
triglyceridemia), are concentration-dependent [112].
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4.4.1. Therapeutic monitoring

Clinical data suggest that the immunosuppressive efficacy and the occurrence and severity of
adverse effects of SRL correlate with blood concentrations [112]. Drug interactions with
concomitant immunosuppressant medications will alter SRL whole blood concentrations. The
appropriate SRL through concentration at steady state (Cmin,ss) for acute rejection episode
prophylaxis is a function of the concomitant immunosuppressive regimen. When it is used as
base therapy with azathioprine and prednisone, a regimen stipulating initial Cmin,ss values
equal to 30 μg/L during the first 2 months, and 15 μg/L(LC/UV assay) thereafter, led to a 41%
rate of acute rejection episodes among 41 cadaveric kidney transplant recipients [113].

When combined with MMF and prednisone, this SRL regimen was associated with a 27.5%
rate of acute rejection episodes among 40 cadaveric renal transplant recipients. Indeed, the
combination of SRL (Cmin,ss of 10 to 20 μg/L; LC/UV assay) and basiliximab with late
introduction of low dosage CsA has provided excellent prophylaxis of acute rejection episodes
and renal function for primary, non-African-American recipients of cadaveric kidney trans‐
plants that displayed delayed graft function [112,114,115].

In purely Caucasian low-risk liver and kidney-pancreas transplant recipients, Cmin,ss of 6 to
12 μg/L (IMx® assay) in combination with low dosage TRL has been reported to yield low
rates of acute rejection episodes and toxicity [116]. Because of the long half-life and extensive
tissue distribution of the drug, steady-state concentrations are not reached before day 6 after
initiation of therapy or after a dosage change. Thus, daily concentration monitoring is not
necessary; the first SRL measurements should not be obtained before day 4 after inception of,
or change in therapy. Thereafter, recommend monitoring Cmin,ss weekly for the first month
and bi-weekly for the next month, targeting a 5 to 15 μg/L range if CsA is being used concom‐
itantly at Cmin,ss concentrations of 75 to 150 μg/L. If the patient fails to attain these values
despite a dosage of 20mg/day, a full pharmacokinetic study should be performed to assess
whether the defect is due to limited absorption or rapid clearance rates [112]. Modest correla‐
tion (r = 0.59) exists between SRL dose and peak plasma concentration (Cmax) or AUC, but a
good correlation (r = 0.85) exists between trough concentration prior to the dose (minimum
Cmin,ss and AUC. For this reason, Cmin,ss is a simple and useful index for therapeutic
monitoring of SRL [112,117,118].

4.5. Everolimus (EVL)

In April 2010, EVL, a more water-soluble analog of SRL was approved for use in CsA-sparing
regimens, including the requirement for adjusting EVL doses using target trough blood
concentrations in renal transplant patients [51]. EVL, which has greater polarity than SRL, was
developed in an attempt to improve the pharmacokinetic characteristics of SRL, particularly
to increase its oral bioavailability. After a single oral dose of EVL 4mg in 12 healthy volunteers,
it was absorbed rapidly (within 30 minutes after drug intake). The Cmax of EVL amounted to
44.2 ± 13.3 μg/L and was reached (tmax) after 30 minutes (range 0.5–1 hour). The AUC was 219
± 69 μg* h/L. The overall absorption of EVL, like that of SRL, is probably affected by the activity
of P-gp. It is recommended that patients should take the drug consistently with or without
food to reduce fluctuations in drug exposure [119]. In an international study, the pharmaco‐
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kinetics of EVL, were characterized over the first 6 months post-transplant in 731 patients
receiving either 0.75 or 1.5mg bid EVL in addition to CsA and corticosteroids. The within- and
between-patient variability of dose interval AUC was 27% and 31% respectively. There was
no detectable influence of sex, age (16–66 years), or weight (42-132 kg) on AUC, but EVL
exposure was significantly lower by an average of 20 % in blacks. In a study of 659 AUC profiles
the correlation between trough concentration and overall exposure (AUC) there was a
significant linear correlation with a regression coefficient of 0.89 and corresponding coefficient
of determination of 0.79 [120].

For example, see [121] reported that multiple daily dosing of EVL, in doses up to 5 mg/day, is
adequately well tolerated as add-on therapy in stable renal transplant patients receiving
maintenance Neoral® immunosuppression. Similar degrees of correlation between EVL
trough concentration and thrombocytopenia, leukopenia, hypertriglyceridemia, or hypercho‐
lesterolemia in 54 stable renal transplant patients (18-68 years) were found.

4.5.1. Therapeutic drug monitoring

EVL is a drug with a narrow therapeutic index. The limited and variable bioavailability,
intrinsic interindividual pharmacokinetic variability, the number of factors affecting the
pharmacokinetics, and the number of drug interactions limits the use of fixed doses of this
drug. The EVL Cmin is a good surrogate marker of EVL exposure (AUC), and correlates with
pharmacological response and clinical outcomes. Therefore, prospective dose adjustments to
obtain and maintain a therapeutic EVL Cmin have the potential to improve efficacy and reduce
toxicity [122].

A role for EVL drug monitoring has been suggested because of the potential for improving
efficacy and reducing adverse effects, the EVL Cmin is a good surrogate marker of EVL
exposure (AUC), and correlates with pharmacological response and clinical outcomes.
Therefore, prospective dose adjustments to obtain and maintain a therapeutic EVL Cmin have
the potential to improve efficacy and reduce toxicity [123]. Mere clinical monitoring of efficacy
is insufficient because clinical presentations of graft rejection vary for each patient and are
nonspecific. Thus, some authors have used a previously published 9-step decision-making
algorithm to evaluate the utility of TDM for EVL. The recommended therapeutic range for
EVL is a trough concentration of 3 to 8 ng/mL, as concentrations over 3 ng/mL have been
associated with a decreased incidence of rejection, and concentrations >8 ng/mL with increased
toxicity. Patients on EVL who have problems with absorption, who take concurrent cyto‐
chrome P450 inhibitors or inducers, or are noncompliant will attain the greatest benefit from
therapeutic drug monitoring [124].

5. Advances in immunosuppression – Future trends

Maintenance immunosuppressive therapy over the past decade has become more diversified.
Until the mid-1990s, CsA and azathioprine were the cornerstones in maintenance immuno‐
suppressive therapy. Today, these agents have been largely replaced by the newer agents TRL
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4.4.1. Therapeutic monitoring

Clinical data suggest that the immunosuppressive efficacy and the occurrence and severity of
adverse effects of SRL correlate with blood concentrations [112]. Drug interactions with
concomitant immunosuppressant medications will alter SRL whole blood concentrations. The
appropriate SRL through concentration at steady state (Cmin,ss) for acute rejection episode
prophylaxis is a function of the concomitant immunosuppressive regimen. When it is used as
base therapy with azathioprine and prednisone, a regimen stipulating initial Cmin,ss values
equal to 30 μg/L during the first 2 months, and 15 μg/L(LC/UV assay) thereafter, led to a 41%
rate of acute rejection episodes among 41 cadaveric kidney transplant recipients [113].

When combined with MMF and prednisone, this SRL regimen was associated with a 27.5%
rate of acute rejection episodes among 40 cadaveric renal transplant recipients. Indeed, the
combination of SRL (Cmin,ss of 10 to 20 μg/L; LC/UV assay) and basiliximab with late
introduction of low dosage CsA has provided excellent prophylaxis of acute rejection episodes
and renal function for primary, non-African-American recipients of cadaveric kidney trans‐
plants that displayed delayed graft function [112,114,115].

In purely Caucasian low-risk liver and kidney-pancreas transplant recipients, Cmin,ss of 6 to
12 μg/L (IMx® assay) in combination with low dosage TRL has been reported to yield low
rates of acute rejection episodes and toxicity [116]. Because of the long half-life and extensive
tissue distribution of the drug, steady-state concentrations are not reached before day 6 after
initiation of therapy or after a dosage change. Thus, daily concentration monitoring is not
necessary; the first SRL measurements should not be obtained before day 4 after inception of,
or change in therapy. Thereafter, recommend monitoring Cmin,ss weekly for the first month
and bi-weekly for the next month, targeting a 5 to 15 μg/L range if CsA is being used concom‐
itantly at Cmin,ss concentrations of 75 to 150 μg/L. If the patient fails to attain these values
despite a dosage of 20mg/day, a full pharmacokinetic study should be performed to assess
whether the defect is due to limited absorption or rapid clearance rates [112]. Modest correla‐
tion (r = 0.59) exists between SRL dose and peak plasma concentration (Cmax) or AUC, but a
good correlation (r = 0.85) exists between trough concentration prior to the dose (minimum
Cmin,ss and AUC. For this reason, Cmin,ss is a simple and useful index for therapeutic
monitoring of SRL [112,117,118].

4.5. Everolimus (EVL)

In April 2010, EVL, a more water-soluble analog of SRL was approved for use in CsA-sparing
regimens, including the requirement for adjusting EVL doses using target trough blood
concentrations in renal transplant patients [51]. EVL, which has greater polarity than SRL, was
developed in an attempt to improve the pharmacokinetic characteristics of SRL, particularly
to increase its oral bioavailability. After a single oral dose of EVL 4mg in 12 healthy volunteers,
it was absorbed rapidly (within 30 minutes after drug intake). The Cmax of EVL amounted to
44.2 ± 13.3 μg/L and was reached (tmax) after 30 minutes (range 0.5–1 hour). The AUC was 219
± 69 μg* h/L. The overall absorption of EVL, like that of SRL, is probably affected by the activity
of P-gp. It is recommended that patients should take the drug consistently with or without
food to reduce fluctuations in drug exposure [119]. In an international study, the pharmaco‐
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kinetics of EVL, were characterized over the first 6 months post-transplant in 731 patients
receiving either 0.75 or 1.5mg bid EVL in addition to CsA and corticosteroids. The within- and
between-patient variability of dose interval AUC was 27% and 31% respectively. There was
no detectable influence of sex, age (16–66 years), or weight (42-132 kg) on AUC, but EVL
exposure was significantly lower by an average of 20 % in blacks. In a study of 659 AUC profiles
the correlation between trough concentration and overall exposure (AUC) there was a
significant linear correlation with a regression coefficient of 0.89 and corresponding coefficient
of determination of 0.79 [120].

For example, see [121] reported that multiple daily dosing of EVL, in doses up to 5 mg/day, is
adequately well tolerated as add-on therapy in stable renal transplant patients receiving
maintenance Neoral® immunosuppression. Similar degrees of correlation between EVL
trough concentration and thrombocytopenia, leukopenia, hypertriglyceridemia, or hypercho‐
lesterolemia in 54 stable renal transplant patients (18-68 years) were found.

4.5.1. Therapeutic drug monitoring

EVL is a drug with a narrow therapeutic index. The limited and variable bioavailability,
intrinsic interindividual pharmacokinetic variability, the number of factors affecting the
pharmacokinetics, and the number of drug interactions limits the use of fixed doses of this
drug. The EVL Cmin is a good surrogate marker of EVL exposure (AUC), and correlates with
pharmacological response and clinical outcomes. Therefore, prospective dose adjustments to
obtain and maintain a therapeutic EVL Cmin have the potential to improve efficacy and reduce
toxicity [122].
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the potential to improve efficacy and reduce toxicity [123]. Mere clinical monitoring of efficacy
is insufficient because clinical presentations of graft rejection vary for each patient and are
nonspecific. Thus, some authors have used a previously published 9-step decision-making
algorithm to evaluate the utility of TDM for EVL. The recommended therapeutic range for
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5. Advances in immunosuppression – Future trends

Maintenance immunosuppressive therapy over the past decade has become more diversified.
Until the mid-1990s, CsA and azathioprine were the cornerstones in maintenance immuno‐
suppressive therapy. Today, these agents have been largely replaced by the newer agents TRL

Clinical Pharmacology and Therapeutic Drug Monitoring of Immunosuppressive Agents
http://dx.doi.org/10.5772/54910

331



and MMF. Triple immunosuppression continues to be the standard, and corticosteroids are
still part of most widely used immunosuppressive protocols. More effective immunosuppres‐
sion has reduced the incidence of acute rejection without a reduction in patient survival [125].
Calcineurin inhibitors are still the cornerstone of current immunosuppressive therapy, but
have important cardiovascular and oncogenic side effects and nephrotoxicity effects that
contributes to the multifactorial process called “chronic allograft dysfunction“, the leading
cause of chronic allograft failure among kidney transplant recipients. New drugs, with a
different mechanism of action, are being developed focusing on a better balance between drug
efficacy and toxicity. These novel compounds interfere with either T-cell mediated or antibody-
mediated rejection [126].

A number of novel drugs are currently under investigation in Phase I, II, or III clinical trials
primarily to replace the nephrotoxic but highly effective calcineurin inhibitors. ISA247
(voclosporine) is a CsA analog with reduced nephrotoxicity in Phase III study. AEB071
(sotrastaurin), a protein kinase C inhibitor, and CP-690550, a JAK3 inhibitor, are small
molecules in Phase II studies EVL is derived from the mTOR inhibitor SRL and is in Phase III
study. Belatacept is a humanized antibody that inhibits T-cell costimulation and has shown
encouraging results in multiple Phase II and III trials. Alefacept and Efaluzimab are humanized
antibodies that inhibit T-cell adhesion and are in Phase I and II clinical trials [127]. Finally, the
exciting field of tissue engineering and stem cell biology with the repopulation of decellular‐
ized organs is ushering in a new paradigm for transplantation. The era of simplified immu‐
nosuppression regimens devoid of toxicities is upon us with the promise of dramatic
improvement in long term survival [128].

6. Conclusions

Monitored drug therapy has undergone a tremendous change over the past quarter of a
century with the increasing availability of advanced techniques like liquid chromatography
with tandem mass spectrometry detection and immunoassays. Currently, the possibility of
accurately and specifically measuring almost any drug in any biological fluid is a reality, and
while TDM has become a standard of care for most immunosuppressive drugs, TDM practices
will continue to evolve with the field of transplantation. New immunosuppressives, such as
sotrastaurin, exhibit pharmacokinetic variability comparable to that seen with currently used
immunosuppressive drugs and may benefit from monitoring therapy [129]. Although TDM
of biologic drugs such as belatacept have not been reported in clinical trials to date, potentially
useful pharmacodynamic assays that can be performed on blood specimens have been
described [51,130]. The information gained through further study in these complex regimens
should provide innovative strategies and new immunosuppressive agents that will serve to
extend the functional life of allografts without toxicity or infection.
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1. Introduction

In this chapter, we will explore the effect of human leukocyte antigen (HLA) matching on renal
transplant outcomes. The importance of HLA matching has been clearly established in renal
transplantation and the extent of HLA mismatches at the A, B and DR loci form an important
part in the assessment of the immunological risk of potential transplant candidates. Increasing
number of HLA mismatches has been shown to be associated with poorer graft and patient
survival following kidney transplantation but the ongoing importance of this association in
the era of more potent immunosuppression and improved donor selection remains unclear.
Nevertheless, HLA mismatches remain a crucial component of deceased donor kidney
allocation in most countries including the United States and Australia. As a result of major
advances in technology, HLA-typing has evolved from serological-based typing to molecular
HLA-typing and solid-phase anti-HLA-antibody-detection assays, which have had a major
influence in both allocation and outcome of transplanted kidneys. The identification of donor-
specific anti-HLA-antibody (DSA) has become standard practice and cross-matching assays
to establish the presence of DSA has evolved from complement-dependent cytotoxicity (CDC)
assay to the exquisitely sensitive flow-cytometric and solid-phase assays. The availability of
these sensitive assays has enable clinicians to perform calculated panel reactive antibody and
virtual cross-match, which has led to a more accurate assessment of immunological risk of
potential transplant candidates and improvement in the allocation of deceased donor kidneys.
Defining the appropriate threshold values for clinically relevant DSA assignment, the ongoing
significance of HLA-matching in the presence of DSA and the importance of anti-HLA-Cw,
HLA-DQ and HLA-DP antibodies remain poorly defined. Finally, we will discuss the process
of identifying acceptable HLA-mismatches using HLAMatchmaker, which determines HLA-
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compatibility at the level of polymorphic amino acid triplets or eplets in antibody-accessible
regions, and the benefit of acceptable HLA-mismatch programs in improving the transplant
potential of highly sensitized transplant candidates.

2. Basic transplant immunology

Immune protection against foreign antigens in humans relies on a coordinated response of
both innate and adaptive immune system [1]. The innate system, comprising of anatomical
barriers (e.g. skin), phagocytic cells (e.g. macrophages), and soluble compounds (e.g. comple‐
ments and interferons [IFN]) provide an efficient initial defence against foreign antigens such
as donor antigens in solid organ transplantation but this response lacks specificity. In contrast,
subsequent adaptive immune response has the ability to create a large diversity of antigen-
specific responses upon antigenic challenge to the host, with the development of immunolog‐
ical memory consequent on subsequent exposure to the same antigen. This response involves
predominantly lymphocytes and antibodies, and is characteristically more intense, leading to
a more rapid elimination of the foreign antigen (Figure 1).

Foreign Antigens 
(donor-derived 
MHC peptides)

The ability of dendritic cells to coordinate innate and adaptive immune system. Upon exposure to foreign anti‐
gens, dendritic cells secrete pro-inflammatory cytokines ± cell-cell contact, activate effector cells including natural kill‐
er cells and macrophages (innate immunity). Immature dendritic cells capture and process antigens for presentation
to T cells via major histocompatibility complexes. DC undergo maturation and migrate to secondary lymphoid tissues
(enhanced by inflammatory cytokines produced by natural killer cells and CD40 ligand expressed by activated T cells).
Mature dendritic cells drive the expansion of antigen-specific, major histocompatibility complex-restricted T and B cell
responses and the development of immunologic memory (adaptive immunity).

Figure 1. Innate and adaptive immune response to foreign antigens.
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2.1. Dendritic cells (Figure 2)

Dendritic cells (DC) are a group of rare, heterogenous population of professional antigen-
presenting cells (APC) that can initiate primary immune responses, and hence have the ability
to regulate both innate and adaptive immune responses [2-4]. Precursor DC (pre-DC), arising
from bone marrow progenitors, enter tissues as immature DC with superior phagocytic
capabilities. DC encounter foreign antigens such as donor antigens (in solid organ transplan‐
tation), bacteria and tumour antigens resulting in the secretion of cytokines (e.g. IFN) and
activation of natural killer (NK) cells, macrophages and eosinophils. Following antigen capture
and processing, DC undergo maturation and migrate to secondary lymphoid tissues where
they present processed antigen/peptide coupled to major histocompatibility complexes (MHC)
to T cells, allowing for selection and expansion of antigen-specific cluster designation (CD)4+

T-helper cells. These CD4+ T-helper cells subsequently amplify the immune responses by
regulating antigen-specific (e.g. CD8+ cytotoxic T cells, B cells), and antigen non-specific (e.g.
macrophages, NK cells, and eosinophils) effector cells.

Stimulus (e.g. donor-derived 
MHC peptides)

Overview of the complex relationship between dendritic cells and effector T and B cells. Immature DC (MDC and
PDC) maturate in response to appropriate stimuli (e.g. microbial products, TLR ligands). Mature DC secretes immunor‐
egulatory cytokines (including IFN-α and IL-12] and with cell-cell contact, modulates effector cell response including
NK cells, B and T cells as well as providing a positive feedback to DC to initiate ongoing activation and maturation.
Activated effector cells could in turn modulate DC activation, maturation, and survival as well as enhancing other ef‐
fector cell functions through the production of cytokines (IFN-γ) and/or via cell-cell contact.

Figure 2. Interaction between dendritic cells and effector T and B cells.

DC play a critical role in the initiation and regulation of adaptive T cell responses, the main‐
tenance of central and peripheral tolerance in normal steady-state and hence are essential in
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regulating immune responses in solid organ and cellular transplantation. DC have dual roles
in organ transplantation. They are responsible for allorecognition and presentation of foreign
antigens to T cells, which may initiate allograft rejection; but are also involved in the promotion
of transplant tolerance.

2.2. Role of T and B cells in allograft rejection

2.2.1. T cells

The most common form of acute rejection of allogeneic tissues and allografts involve the
activation of recipient’s T cells (i.e. adaptive immune response) directed against donor MHC
antigens or MHC-derived peptides presented by either the donor’s or recipient’s APC [5]. DC
are considered the most potent form of APC in humans through their capacity for antigen
uptake and processing of foreign antigens into peptides which can then be presented to
antigen-specific T cells via MHC complexes, leading to activation and clonal expansion of naïve
and memory T cells (i.e. primary and secondary immune responses) [2]. During steady state,
DC reside as functionally immature cells in most tissues. Following organ transplantation, the
systemic effects of donor brain death and/or ischaemia-reperfusion injury are sufficient to
generate an inflammatory response to mature these DC during their migration carrying donor
antigens from the transplanted organ to the recipient’s secondary lymphoid organs including
the draining lymph nodes and spleen [6, 7]. DC may also be activated via CD40-CD40L
interaction, with activated cells (e.g. platelets, T cells, mast cells) within transplanted allografts
the potential source of CD40L. This interaction may regulate DC migration possibly via tumour
necrosis factor (TNF)-α production by DC [8]. DC maturation and immunostimulatory
capacity are dependent on nuclear factor kappa B (NF-κB)-dependent gene transcription
including genes involved in the expression of adhesion molecules, chemotactic factors and the
production of various cytokines [9]. Although DC are very efficient in presenting donor
antigens to T cells, other cell types including tubular epithelial cells, endothelial cells, macro‐
phages and also B cells can participate in T cell interaction, the latter by capturing and
presenting foreign antigens via their surface immunoglobulins and MHC class II molecules
[10-12].

Direct and indirect allorecognition of allogeneic antigens are mediated by donor-derived and
recipient’s DC respectively. Donor DC present donor peptide mounted on donor MHC
molecules to recipient’s T cells following migration of donor DC to T cell areas of lymphoid
tissues (‘passenger leukocytes’) in response to surgery [13]. This mode of presentation is
termed direct allorecognition and is particularly important in the initiation of acute rejection
resulting from a powerful alloantigen-specific T cell response directed against allogeneic
antigens [14]. The finding of >90% of infiltrating recipient’s T cells involved in recognising
donor-derived MHC molecule directly presented by donor DC during acute rejection of
allogeneic skin graft in mice support the existence of this direct pathway [15]. Furthermore,
the frequency of direct donor-specific hyporeactivity is similar between long-term renal
transplant recipients with good graft function compared to those recipients with established
chronic rejection suggesting that direct allorecognition is not the predominant response in
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chronic rejection [16]. In contrast, recipient’s DC may acquire allogeneic donor antigens
following migration into the allograft in response to proinflammatory cytokines and chemo‐
kines. Recipient’s DC present donor MHC-derived peptides (e.g. regions of MHC class II
molecules) loaded to self-MHC molecule to recipient’s T cells. This mode of presentation is
termed indirect allorecognition and may be more important in establishing chronic rejection.
Unlike direct allorecognition, indirect allorecognition involves a less potent T cell response
with a reduced proportion of recipient’s T cells involve in the immune response directed
against the donor-derived antigens [17, 18]. The finding of a higher frequency of T cells with
indirect anti-donor reactivity in transplant recipients with established chronic rejection
support this finding [16]. Similarly, studies in non-human primates demonstrated that
inhibition of direct anti-donor reactivity can prolong graft survival, but does not prevent late
graft loss to chronic rejection [19]. In both direct and indirect allorecognition pathways, DC
can internalise extracellular donor antigens, process them and present them to either CD4+ or
CD8+ T cells through MHC class I or II molecules respectively. However, the contribution of
direct and indirect pathway in acute and chronic allograft rejection remains controversial with
studies demonstrating that indirect pathway may also be important in the initiation of acute
rejection [20].

Following activation of naïve T cells, activated CD4+ T cells proliferate and differentiate into
different cell types with distinct cytokine profiles. Subtypes of helper T cells include type I
helper T (Th1], Th2 cells, Th17 cells and regulatory T (Treg) cells. Although Th1 cells may be
more important in allograft rejection by producing inflammatory cytokines capable of driving
a cellular immune response such as IFN-γ and interleukin (IL)-2, Th2 cells may also be involved
in rejection through the activation of eosinophils and promoting a humoral immune response
(via cytokines IL4, 5 and 13) [21, 22]. There is increasing evidence that Th17 cells contribute to
allograft rejection although the susceptibility of these cells to immune regulation remains
unclear [23]. Although Treg cells are capable of inducing immune tolerance in animal models
of transplantation, the role of these cells in humans remains unclear [24, 25]. Both CD4+ and
CD8+ T cells can mediate allograft injury either directly or indirectly through the production
of cytokines or by activating vascular endothelial cells. CD8+ T cells can directly cause cell
death by promoting caspase-induced cell apoptosis by releasing perforin and granzymes A
and B intracellularly or via Fas-ligand/Fas-receptor interaction between CD8+T cells and
allograft [26]. Similarly, CD4+ T cells can directly induce cell apoptosis via Fas-ligand/Fas-
receptor interaction but they can also cause indirect cell damage by secreting TNF-α and TNF-
β, which subsequently bind to TNF-receptors on endothelial or tubular cells resulting in cell
apoptosis [27, 28].

2.2.2. B cells

There is increasing evidence that in solid organ transplantation, B cells play an important role
in the immune response to an allograft through the production of antibodies (resulting in the
development of acute and chronic antibody mediated rejection [AMR]), but these cells may
also have an important role in the support of T cells (resulting in the development of acute
cellular rejection) [29]. Most peripheral B cells are produced in the bone marrow and contin‐
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recipient’s DC respectively. Donor DC present donor peptide mounted on donor MHC
molecules to recipient’s T cells following migration of donor DC to T cell areas of lymphoid
tissues (‘passenger leukocytes’) in response to surgery [13]. This mode of presentation is
termed direct allorecognition and is particularly important in the initiation of acute rejection
resulting from a powerful alloantigen-specific T cell response directed against allogeneic
antigens [14]. The finding of >90% of infiltrating recipient’s T cells involved in recognising
donor-derived MHC molecule directly presented by donor DC during acute rejection of
allogeneic skin graft in mice support the existence of this direct pathway [15]. Furthermore,
the frequency of direct donor-specific hyporeactivity is similar between long-term renal
transplant recipients with good graft function compared to those recipients with established
chronic rejection suggesting that direct allorecognition is not the predominant response in
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chronic rejection [16]. In contrast, recipient’s DC may acquire allogeneic donor antigens
following migration into the allograft in response to proinflammatory cytokines and chemo‐
kines. Recipient’s DC present donor MHC-derived peptides (e.g. regions of MHC class II
molecules) loaded to self-MHC molecule to recipient’s T cells. This mode of presentation is
termed indirect allorecognition and may be more important in establishing chronic rejection.
Unlike direct allorecognition, indirect allorecognition involves a less potent T cell response
with a reduced proportion of recipient’s T cells involve in the immune response directed
against the donor-derived antigens [17, 18]. The finding of a higher frequency of T cells with
indirect anti-donor reactivity in transplant recipients with established chronic rejection
support this finding [16]. Similarly, studies in non-human primates demonstrated that
inhibition of direct anti-donor reactivity can prolong graft survival, but does not prevent late
graft loss to chronic rejection [19]. In both direct and indirect allorecognition pathways, DC
can internalise extracellular donor antigens, process them and present them to either CD4+ or
CD8+ T cells through MHC class I or II molecules respectively. However, the contribution of
direct and indirect pathway in acute and chronic allograft rejection remains controversial with
studies demonstrating that indirect pathway may also be important in the initiation of acute
rejection [20].

Following activation of naïve T cells, activated CD4+ T cells proliferate and differentiate into
different cell types with distinct cytokine profiles. Subtypes of helper T cells include type I
helper T (Th1], Th2 cells, Th17 cells and regulatory T (Treg) cells. Although Th1 cells may be
more important in allograft rejection by producing inflammatory cytokines capable of driving
a cellular immune response such as IFN-γ and interleukin (IL)-2, Th2 cells may also be involved
in rejection through the activation of eosinophils and promoting a humoral immune response
(via cytokines IL4, 5 and 13) [21, 22]. There is increasing evidence that Th17 cells contribute to
allograft rejection although the susceptibility of these cells to immune regulation remains
unclear [23]. Although Treg cells are capable of inducing immune tolerance in animal models
of transplantation, the role of these cells in humans remains unclear [24, 25]. Both CD4+ and
CD8+ T cells can mediate allograft injury either directly or indirectly through the production
of cytokines or by activating vascular endothelial cells. CD8+ T cells can directly cause cell
death by promoting caspase-induced cell apoptosis by releasing perforin and granzymes A
and B intracellularly or via Fas-ligand/Fas-receptor interaction between CD8+T cells and
allograft [26]. Similarly, CD4+ T cells can directly induce cell apoptosis via Fas-ligand/Fas-
receptor interaction but they can also cause indirect cell damage by secreting TNF-α and TNF-
β, which subsequently bind to TNF-receptors on endothelial or tubular cells resulting in cell
apoptosis [27, 28].

2.2.2. B cells

There is increasing evidence that in solid organ transplantation, B cells play an important role
in the immune response to an allograft through the production of antibodies (resulting in the
development of acute and chronic antibody mediated rejection [AMR]), but these cells may
also have an important role in the support of T cells (resulting in the development of acute
cellular rejection) [29]. Most peripheral B cells are produced in the bone marrow and contin‐
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uously circulate as immature cells through secondary lymphoid organs until they encounter
antigen. Once activated, B cells become efficient APC by capturing antigen via B-cell receptor,
then interacts with naïve T cells through the presentation of antigen by MHC class II molecules
to T-cell receptor respectively. Through this interaction coupled with the ability to produce
cytokines such as IL-2, B cells are critical for optimal T cell activation and development of T
cell memory [30, 31]. Activated B cells may also differentiate into memory B cells or plasma
cells, a small proportion of the latter cell type may persist as long-lived plasma cells that reside
in the bone marrow ± allografts indefinitely, continuously producing IgG antibodies [32]. APCs
such as DC, monocytes and macrophages produce BAFF (B-cell-activating factor belonging to
the tumour necrosis factor family), a cytokine which enhances B cell survival [33]. Antibodies
produced by terminally differentiated B cells, especially directed against donor antigens, are
critical mediators of AMR and associated graft damage through complement activation and
Fc-receptor cross-linking, the latter resulting in proinflammatory cytokine release, DC
maturation, macrophage phagocytosis and NK cell-mediated antibody-dependent cellular
cytotoxicity [34]. Like Treg cells, there is a recently described subset of B cells in humans and
mouse known as regulatory B cells, which are capable inhibiting T cell responses, possibly
through the production of IL-10 [35]. The clinical significance of these regulatory B cells in
organ transplantation remains unclear.

3. Human Leukocyte Antigen (HLA)

The HLA system is the name given to the human MHC, which was first described by Jean
Dausset in 1952 after observing the development of alloantibodies to leukocytes following
blood transfusions [36]. The HLA system comprises a group of cell-surface antigen-presenting
proteins encoded by a region on the short arm of chromosome 6 and is divided into class I and
class II molecules. Humans have three class I HLA (A, B, C) that are present on all nucleated
cells and six class II HLA (DPA1, DPB1, DQA1, DQB1, DRA, DRB1) that are present only on
antigen-presenting cells and lymphocytes. Class I HLA presents intracellular antigens while
class II HLA present extracellular antigens. HLA are highly polymorphic with almost 6000
HLA Class I and over 1500 HLA Class II alleles having been identified [37]. Three of the seven
heterodimers (HLA-A, -B, and -DRB1) contribute to the majority of the immunogenicity of
mismatched antigens and therefore traditional HLA-typing methods have primarily focussed
on these alleles.

HLA play an important role in the immune system by controlling immune responses through
antigen presentation and distinguish “self” from “non-self”. Since its introduction after the
first International Histocompatibility Workshop (IHWS) in 1964, HLA matching has formed
the cornerstone of deceased-donor kidney allocation policies worldwide [38]. By the first
World Health Organization nomenclature meeting in 1970, 27 HLA antigens were identified.
The discovery of new antigens on occasion splits previously known ‘broad’ antigens into two
or more antigens, termed ‘split’ antigens. For example, the A9 broad antigen was split to A23
and A24 split antigens, whereas the DR2 broad antigen was split to DR15 and DR16 split
antigens [39]. HLA matching criteria may vary with regards to consideration of broad or split
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antigens. Split antigen matching appears to be more common and clinically important for
HLA-A and-B antigens than for HLA-DR antigens [40]. Not surprisingly, utilization of
matching for broad antigens increases the probability of identifying HLA-matched recipients
for any given donor [41].

Although 0 HLA-mismatched grafts have been shown to have superior graft outcomes
compared with grafts with ≥1 HLA-mismatch, a proportion of 0 HLA-mismatched grafts may
be complicated by acute rejection, possibly reflecting potential allorecognition of incompati‐
bilities at other minor HLA loci. On the contrary, many HLA-mismatched grafts have excellent
graft outcomes without acute rejection, suggesting that under specific circumstances, certain
HLA mismatches may be permissible, such as the lack of immunologic response against non-
inherited maternal HLA antigens (NIMA) as a result of prenatal tolerance development.
However, verification of this association between NIMA and graft outcomes remains incon‐
clusive [42-44].

HLA compatibility has also been defined by mismatch acceptability known as acceptable HLA-
mismatch. These are mismatched HLA antigens that do not result in a positive complement
dependent cytotoxicity (CDC) crossmatch [42]. Identification of acceptable HLA-mismatches
has been utilised to improve the transplant potential of highly sensitized patients, and this
concept and application will be discussed in greater details later in this chapter.

In most countries worldwide including Australia, the number of HLA-mismatches is calcu‐
lated by the sum of the total number of HLA-mismatches between donor-recipient at HLA-A,
B, and DR loci. Large single centre and registry studies have consistently demonstrated an
inverse association between increasing number of mismatches and graft and/or patient
survival [43-45]. However, with the evolution from serological to molecular-based HLA-
typing over time resulting in improved immunological risk stratification of transplant
candidates, coupled with the availability of more potent immunosuppression and donor
selection has created uncertainty regarding the ongoing clinical importance of HLA-mis‐
matches in the modern era.

4. Effect of HLA-mismatches and renal transplant outcomes

Large registry reports including analysis from the Collaborative Transplant Study (CTS) and
more recently from the Australia and New Zealand Dialysis and Transplant (ANZDATA)
registry have consistently demonstrated a strong association between HLA-matching at the
HLA-A, B and DR loci and graft and patient outcomes, independent of donor type, initial
immunosuppression, transplant era and even the presence of DSA [46-48].

The advantage of improved HLA-matching in reducing acute rejection risk has been demon‐
strated predominantly in renal transplant recipients receiving cyclosporine-based immuno‐
suppressive regimen [49, 50]. Recent retrospective single centre study of live and deceased
donor renal transplants has demonstrated that HLA-mismatches remained an important
determinant of acute rejection risk in renal transplant recipients receiving quadruple immu‐
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uously circulate as immature cells through secondary lymphoid organs until they encounter
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class II HLA present extracellular antigens. HLA are highly polymorphic with almost 6000
HLA Class I and over 1500 HLA Class II alleles having been identified [37]. Three of the seven
heterodimers (HLA-A, -B, and -DRB1) contribute to the majority of the immunogenicity of
mismatched antigens and therefore traditional HLA-typing methods have primarily focussed
on these alleles.

HLA play an important role in the immune system by controlling immune responses through
antigen presentation and distinguish “self” from “non-self”. Since its introduction after the
first International Histocompatibility Workshop (IHWS) in 1964, HLA matching has formed
the cornerstone of deceased-donor kidney allocation policies worldwide [38]. By the first
World Health Organization nomenclature meeting in 1970, 27 HLA antigens were identified.
The discovery of new antigens on occasion splits previously known ‘broad’ antigens into two
or more antigens, termed ‘split’ antigens. For example, the A9 broad antigen was split to A23
and A24 split antigens, whereas the DR2 broad antigen was split to DR15 and DR16 split
antigens [39]. HLA matching criteria may vary with regards to consideration of broad or split
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antigens. Split antigen matching appears to be more common and clinically important for
HLA-A and-B antigens than for HLA-DR antigens [40]. Not surprisingly, utilization of
matching for broad antigens increases the probability of identifying HLA-matched recipients
for any given donor [41].

Although 0 HLA-mismatched grafts have been shown to have superior graft outcomes
compared with grafts with ≥1 HLA-mismatch, a proportion of 0 HLA-mismatched grafts may
be complicated by acute rejection, possibly reflecting potential allorecognition of incompati‐
bilities at other minor HLA loci. On the contrary, many HLA-mismatched grafts have excellent
graft outcomes without acute rejection, suggesting that under specific circumstances, certain
HLA mismatches may be permissible, such as the lack of immunologic response against non-
inherited maternal HLA antigens (NIMA) as a result of prenatal tolerance development.
However, verification of this association between NIMA and graft outcomes remains incon‐
clusive [42-44].

HLA compatibility has also been defined by mismatch acceptability known as acceptable HLA-
mismatch. These are mismatched HLA antigens that do not result in a positive complement
dependent cytotoxicity (CDC) crossmatch [42]. Identification of acceptable HLA-mismatches
has been utilised to improve the transplant potential of highly sensitized patients, and this
concept and application will be discussed in greater details later in this chapter.

In most countries worldwide including Australia, the number of HLA-mismatches is calcu‐
lated by the sum of the total number of HLA-mismatches between donor-recipient at HLA-A,
B, and DR loci. Large single centre and registry studies have consistently demonstrated an
inverse association between increasing number of mismatches and graft and/or patient
survival [43-45]. However, with the evolution from serological to molecular-based HLA-
typing over time resulting in improved immunological risk stratification of transplant
candidates, coupled with the availability of more potent immunosuppression and donor
selection has created uncertainty regarding the ongoing clinical importance of HLA-mis‐
matches in the modern era.

4. Effect of HLA-mismatches and renal transplant outcomes

Large registry reports including analysis from the Collaborative Transplant Study (CTS) and
more recently from the Australia and New Zealand Dialysis and Transplant (ANZDATA)
registry have consistently demonstrated a strong association between HLA-matching at the
HLA-A, B and DR loci and graft and patient outcomes, independent of donor type, initial
immunosuppression, transplant era and even the presence of DSA [46-48].

The advantage of improved HLA-matching in reducing acute rejection risk has been demon‐
strated predominantly in renal transplant recipients receiving cyclosporine-based immuno‐
suppressive regimen [49, 50]. Recent retrospective single centre study of live and deceased
donor renal transplants has demonstrated that HLA-mismatches remained an important
determinant of acute rejection risk in renal transplant recipients receiving quadruple immu‐
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nosuppression involving the use of interleukin-2 receptor antibody induction, tacrolimus,
mycophenolate mofetil and corticosteroids [51]. In this study, increasing number of HLA
mismatches was an independent predictor of acute rejection (OR 1.65 for every single HLA-
mismatch; 95% CI: 1.15 to 2.38; P=0.007), with HLA-mismatches at the HLA-DR locus associ‐
ated with the highest risk of acute rejection compared to mismatches at the HLA-A and HLA-
B loci in the adjusted model. Analysis of the CTS data of 135,970 deceased donor renal
transplant recipients demonstrated that the effect of HLA-mismatches on acute rejection risk
remained highly significant over two consecutive decades (1985-1994 vs 1995-2004), inde‐
pendent of ‘intention to treat’ immunosuppressive regimen [47]. Similarly, recent analysis of
ANZDATA registry of live and deceased donor renal transplants between 1998 and 2009
demonstrated that the association between HLA-mismatches and acute rejection risk appeared
to be independent of transplant era and initial immunosuppression, but this association
appeared to be much stronger for live-donor transplants compared to deceased donor
transplants (Figure 3A). The reduced benefit of 0-HLA-mismatched kidneys in recipients of
deceased compared with live donor kidneys may be explained by the presence in unrelated
deceased donors of apparently matched but actually mismatched splits of antigens, which is
less frequently observed in biologically related living donors [46]. However, the association
between HLA mismatches and rejection was not linear, with the greatest benefit of HLA
matching appeared to be confined to those with <4 HLA mismatches [46, 47].

Large retrospective studies have consistently demonstrated the importance of HLA-matching
in determining deceased donor renal allograft survival [52-54]. Analysis of the United Net‐
work for Organ Sharing (UNOS) registry between 1991 to 1997 demonstrated an 11% reduc‐
tion in 3-year graft survival rate (p<0.001) between transplants involving 6 compared to 0 HLA-
mismatches, with the most discernible difference in survival was observed between recipients
with 0 to 1 HLA-mismatch [55]. In the UNOS study, the association between HLA-mismatches
and reduced graft survival appeared to be related to mismatches at the HLA-DR locus within the
first year post-transplant, whereas mismatches at the HLA-AB loci were more important beyond
the first year post-transplant. However, the association between HLA-mismatches and graft
survival in the era of modern immunosuppression remains contradictory [56]. Analysis of the
CTS data demonstrated that the importance of HLA-matching on graft outcomes remained strong
during the two decades of 1985-1994 and 1995-2004, suggesting that association between HLA-
mismatches and graft survival remains robust in the era of modern immunosuppression [47].
Unlike the other large registry studies that had focused on deceased donor renal transplants, the
study by Lim WH et al using ANZDATA registry data evaluated both live and deceased donor
renal transplants. Similarly, the authors demonstrated a strong association between HLA-
mismatches and overall graft survival for both live and deceased donor renal transplants (Figure
3B), especially between those receiving 0-HLA-mismatched kidneys compared to those receiving
≥1 HLA-mismatched kidneys [46]. In contrast, analysis of the UNOS data suggested that the
relative importance of HLA-mismatches and reduced graft survival may have diminished in
recent years, whereas other factors such as donor age retained their statistical significance over
time prompting the suggestion that kidney allocation algorithms based predominantly on HLA-
matching should be modified [57]. However, this study focused on era between 1994 and 1998
whereby the use of induction therapy and/or tacrolimus was limited.
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Figure 3. (a) Odds ratio plot of HLA mismatches and acute rejection according to donor type (reference live donor 0
HLA mismatch) and corresponding table of the adjusted odds ratio between HLA mismatches and acute rejection ac‐
cording to donor type (reference live or deceased donor 0 HLA mismatch; adapted from Lim WH et al Clin Transplant
2012) [46]. (b) Kaplan–Meier survival curve of overall graft failure according to the number of HLA mismatches with
corresponding numerical table of the number at risk at 0, 4 and 8 years post-transplant (adapted from Lim WH et al
Clin Transplant 2012) [46].

The association between acute rejection and graft survival appears well established. In the
study by Wissing et al, the authors had shown rejection within the first year post-transplant
was independently associated with a significant reduction in overall (57% vs 83%; p=0.0004)
and death-censored graft survival (63.5% vs 91.2%; p<0.0001) [51], a finding corroborated by
ANZDATA registry analysis [46].

Although HLA-DR mismatches appear to be of greater importance in predicting graft
outcomes compared to HLA-AB mismatches, the current kidney allocation algorithm in
Australia specifically favours fully HLA-DR matched recipients but still takes into account
HLA-AB matching, therefore confers an appropriate concession to allow satisfactory HLA-
matching but avoiding discrimination to potential recipients with rare HLA combinations as
HLA-DR locus has fewer polymorphisms compared to HLA-AB loci [58]. Previous studies
have demonstrated that allocation based predominantly on HLA-DR matching, as imple‐
mented in the United States, may eliminate any advantage of HLA-AB matching but this
remains controversial [59, 60]. Analysis of Scientific Registry of Transplant Recipients (SRTR)
of 108,701 deceased donor renal transplant recipients demonstrated that the elimination of
allocation priority for HLA-B mismatches improved the transplant potential of ethnic minor‐
ities and this policy had achieved comparable renal allograft survival compared to historical
graft outcomes prior to the change in allocation policy [61]. Although the presence of HLA-

The Evolution of HLA-Matching in Kidney Transplantation
http://dx.doi.org/10.5772/54747

353



nosuppression involving the use of interleukin-2 receptor antibody induction, tacrolimus,
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ated with the highest risk of acute rejection compared to mismatches at the HLA-A and HLA-
B loci in the adjusted model. Analysis of the CTS data of 135,970 deceased donor renal
transplant recipients demonstrated that the effect of HLA-mismatches on acute rejection risk
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ANZDATA registry of live and deceased donor renal transplants between 1998 and 2009
demonstrated that the association between HLA-mismatches and acute rejection risk appeared
to be independent of transplant era and initial immunosuppression, but this association
appeared to be much stronger for live-donor transplants compared to deceased donor
transplants (Figure 3A). The reduced benefit of 0-HLA-mismatched kidneys in recipients of
deceased compared with live donor kidneys may be explained by the presence in unrelated
deceased donors of apparently matched but actually mismatched splits of antigens, which is
less frequently observed in biologically related living donors [46]. However, the association
between HLA mismatches and rejection was not linear, with the greatest benefit of HLA
matching appeared to be confined to those with <4 HLA mismatches [46, 47].

Large retrospective studies have consistently demonstrated the importance of HLA-matching
in determining deceased donor renal allograft survival [52-54]. Analysis of the United Net‐
work for Organ Sharing (UNOS) registry between 1991 to 1997 demonstrated an 11% reduc‐
tion in 3-year graft survival rate (p<0.001) between transplants involving 6 compared to 0 HLA-
mismatches, with the most discernible difference in survival was observed between recipients
with 0 to 1 HLA-mismatch [55]. In the UNOS study, the association between HLA-mismatches
and reduced graft survival appeared to be related to mismatches at the HLA-DR locus within the
first year post-transplant, whereas mismatches at the HLA-AB loci were more important beyond
the first year post-transplant. However, the association between HLA-mismatches and graft
survival in the era of modern immunosuppression remains contradictory [56]. Analysis of the
CTS data demonstrated that the importance of HLA-matching on graft outcomes remained strong
during the two decades of 1985-1994 and 1995-2004, suggesting that association between HLA-
mismatches and graft survival remains robust in the era of modern immunosuppression [47].
Unlike the other large registry studies that had focused on deceased donor renal transplants, the
study by Lim WH et al using ANZDATA registry data evaluated both live and deceased donor
renal transplants. Similarly, the authors demonstrated a strong association between HLA-
mismatches and overall graft survival for both live and deceased donor renal transplants (Figure
3B), especially between those receiving 0-HLA-mismatched kidneys compared to those receiving
≥1 HLA-mismatched kidneys [46]. In contrast, analysis of the UNOS data suggested that the
relative importance of HLA-mismatches and reduced graft survival may have diminished in
recent years, whereas other factors such as donor age retained their statistical significance over
time prompting the suggestion that kidney allocation algorithms based predominantly on HLA-
matching should be modified [57]. However, this study focused on era between 1994 and 1998
whereby the use of induction therapy and/or tacrolimus was limited.
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Figure 3. (a) Odds ratio plot of HLA mismatches and acute rejection according to donor type (reference live donor 0
HLA mismatch) and corresponding table of the adjusted odds ratio between HLA mismatches and acute rejection ac‐
cording to donor type (reference live or deceased donor 0 HLA mismatch; adapted from Lim WH et al Clin Transplant
2012) [46]. (b) Kaplan–Meier survival curve of overall graft failure according to the number of HLA mismatches with
corresponding numerical table of the number at risk at 0, 4 and 8 years post-transplant (adapted from Lim WH et al
Clin Transplant 2012) [46].

The association between acute rejection and graft survival appears well established. In the
study by Wissing et al, the authors had shown rejection within the first year post-transplant
was independently associated with a significant reduction in overall (57% vs 83%; p=0.0004)
and death-censored graft survival (63.5% vs 91.2%; p<0.0001) [51], a finding corroborated by
ANZDATA registry analysis [46].

Although HLA-DR mismatches appear to be of greater importance in predicting graft
outcomes compared to HLA-AB mismatches, the current kidney allocation algorithm in
Australia specifically favours fully HLA-DR matched recipients but still takes into account
HLA-AB matching, therefore confers an appropriate concession to allow satisfactory HLA-
matching but avoiding discrimination to potential recipients with rare HLA combinations as
HLA-DR locus has fewer polymorphisms compared to HLA-AB loci [58]. Previous studies
have demonstrated that allocation based predominantly on HLA-DR matching, as imple‐
mented in the United States, may eliminate any advantage of HLA-AB matching but this
remains controversial [59, 60]. Analysis of Scientific Registry of Transplant Recipients (SRTR)
of 108,701 deceased donor renal transplant recipients demonstrated that the elimination of
allocation priority for HLA-B mismatches improved the transplant potential of ethnic minor‐
ities and this policy had achieved comparable renal allograft survival compared to historical
graft outcomes prior to the change in allocation policy [61]. Although the presence of HLA-
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Cw, DP and DQ DSA have been shown to be associated with poorer graft outcomes [62, 63],
matching at the HLA-Cw, DP and DQ loci are not routinely performed and therefore is not
explicitly included in the allocation of deceased donor kidneys in any countries.

5. Serological and molecular HLA typing and the detection of donor-
specific anti-HLA antibodies (Figure 4)

The evolution in our understanding of the HLA system is closely linked to advancements in
technology. Traditional serological-based low resolution HLA typing methods can be com‐
pleted relatively quickly but are dependent on the availability of specific cell types, viability
and appropriate anti-sera that are capable of recognising HLA antigens. The emergence of
molecular HLA typing techniques over the past two decades has allowed for a more specific,
flexible and robust means of high resolution HLA typing. In 1982, Wake et al described
restriction fragment length polymorphism (RFLPs), which eventually highlighted the short‐
comings of serology-based methods ensuing the establishment of molecular-based HLA-
typing for routine clinical practice [64]. Data generated via the genome project and the
initiation of polymerase chain reaction (PCR) techniques through the 1980s further refined
DNA-based techniques for HLA-typing, which has led to the development of a number of
PCR-based techniques still in use to the present day.

Alongside advances in the typing of HLA alleles, the techniques used to detect anti-HLA
antibodies has also evolved from CDC assays to more sensitive techniques including flow-
cytometry  and solid-phase  assays  (e.g.  enzyme-linked immunosorbent  assay  [ELISA]  or
Luminex), which has allowed a more accurate assessment of transplant candidate’s immunolog‐
ical risk pre-transplantation (e.g. calculated panel reactive antibodies to determine level of
sensitization and application of virtual cross-match to determine transplant suitability) (Figure 4).

Since the recognition of the clinical importance of CDC assay in kidney transplantation in the
1960s, CDC cross-match has become the cornerstone of determining transplant suitability in
both live and deceased donor renal transplantation [65]. The underlying principle of CDC
cross-match is to detect clinically relevant donor-specific anti-HLA antibodies that could result
in hyperacute rejection following transplantation. Donor T and B cells are incubated in the
presence of recipients’ sera and complements. If donor-specific anti-HLA antibodies are
present, these will bind to donor cells and initiate the complement cascade resulting in lysis
of donor lymphocytes. The percentage of lysis will be quantified and forms the basis of
determining transplant candidate’s suitability for transplantation. Many laboratories perform
CDC assays in the presence of anti-human globulin (enhances the sensitivity of assay by
enhancing the number of Fc receptors available to bind with complements) and/or dithio‐
threitol (breaks down the disulfide bonds in IgM antibodies of no clinical significance) to
improve the accuracy and reduce the false negative rates associated with these assays [66, 67].
Initial data using the CDC assay revealed that 80% of CDC cross-match–positive transplants
and 4% of CDC cross-match–negative transplants were associated with early graft loss (within
48 hours post-transplant), thereby establishing the clinical significance of anti-HLA antibodies
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in renal transplantation. The inability to correlate all graft losses with anti-HLA antibodies has
led to the development of more sensitive cross-match assays, including flow cytometric cross-
match assays. It is noteworthy that 20% of patients transplanted across a positive cross-match
did not lose their grafts [68]. Because T cells express class I antigens and B cells express both
class I and II antigens, the interpretation of T cell together with B cell cross-match will help to
establish whether class I and/or II anti-HLA antibodies are present. A positive B cell CDC cross-
match invariably accompanies a positive T cell CDC cross-match but this may reflect either
anti-HLA antibodies to class I antigens and/or multiple antibodies to class I and/or II antigens.
However, a positive B cell CDC cross-match may occur in the absence of a positive T cell CDC
cross-match and suggest the presence of class II antigens or low levels class I antigens. The
presence of a positive T cell CDC cross-match is an absolute contraindication for transplanta‐
tion whereas a positive B cell cross-match is a relative contraindication because of the uncer‐
tainty regarding the clinical significance and the possibility of false-positive results [69, 70]. In
the allocation of deceased donor kidneys in Australia, the presence of a positive T cell CDC
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threitol (breaks down the disulfide bonds in IgM antibodies of no clinical significance) to
improve the accuracy and reduce the false negative rates associated with these assays [66, 67].
Initial data using the CDC assay revealed that 80% of CDC cross-match–positive transplants
and 4% of CDC cross-match–negative transplants were associated with early graft loss (within
48 hours post-transplant), thereby establishing the clinical significance of anti-HLA antibodies

Current Issues and Future Direction in Kidney Transplantation354

in renal transplantation. The inability to correlate all graft losses with anti-HLA antibodies has
led to the development of more sensitive cross-match assays, including flow cytometric cross-
match assays. It is noteworthy that 20% of patients transplanted across a positive cross-match
did not lose their grafts [68]. Because T cells express class I antigens and B cells express both
class I and II antigens, the interpretation of T cell together with B cell cross-match will help to
establish whether class I and/or II anti-HLA antibodies are present. A positive B cell CDC cross-
match invariably accompanies a positive T cell CDC cross-match but this may reflect either
anti-HLA antibodies to class I antigens and/or multiple antibodies to class I and/or II antigens.
However, a positive B cell CDC cross-match may occur in the absence of a positive T cell CDC
cross-match and suggest the presence of class II antigens or low levels class I antigens. The
presence of a positive T cell CDC cross-match is an absolute contraindication for transplanta‐
tion whereas a positive B cell cross-match is a relative contraindication because of the uncer‐
tainty regarding the clinical significance and the possibility of false-positive results [69, 70]. In
the allocation of deceased donor kidneys in Australia, the presence of a positive T cell CDC

 

 

Cell-based assays Solid-phase assays 

• CDC-XM reduced the incidence of hyperacute 
rejection 

• Inability to identify the antigen causing positive 

• Sensitive with high degree of specificity to donor 
antigens, luminex more sensitive than ELISA 

• Capable of quantifying anti-HLA antibodies level  

HLA – human leukocyte antigen, CDC-XM – complement-dependent cytotoxicity cross-match, ELISA – enzyme-linked
immunosorbent assay.

Figure 4. Detection of anti-HLA antibodies – differences between cell-based and solid-phase assays.

The Evolution of HLA-Matching in Kidney Transplantation
http://dx.doi.org/10.5772/54747

355



cross-match is an absolute contraindication for transplantation whereas B cell cross-match is
not routinely performed and therefore not utilized in the decision-making process for trans‐
plantation. With the increasing recognition of the potential importance of a positive CDC B
cell cross-match, these results are now often interpreted in the context of solid phase assays.

The basic principle of flow cross-match technique is similar to CDC assay. Since the description
of this assay in the early 1980s, this technique has been widely adopted to determine transplant
suitability [71]. Similar to CDC assay, flow assay requires the addition of donor cells to
recipients’ sera, followed by the addition of a secondary fluorescein-labelled antibody allowing
for the detection by flow cytometry and quantification of antibodies expressed as channel
shifts. Unlike CDC cross-match, flow cytometric cross-match identifies both complement-
fixing and non-complement-fixing anti-HLA donor-specific antibodies. However, the availa‐
bility of different subtypes of detection antibodies has allowed for the differentiation between
complement-fixing versus non-complement-fixing antibodies [72]. Although an universal cut-
off value for a positive flow cross-match has not been determined, it is agreed that the use of
a low cut-off point will result in increased sensitivity but reduced specificity for predicting
graft outcomes (especially in the presence of negative CDC cross-match) as this may identify
anti-HLA donor specific antibodies of no clinical significance. Nevertheless, renal transplant
recipients with positive flow cross-match but negative CDC cross-match have a significantly
greater risk of antibody-mediated rejection (AMR) and early graft loss with a positive predic‐
tive value for predicting AMR of 83% [72, 73].

To avoid problems associated with the viability of the donor cells, which could affect the
accuracy of cell-based assays, the introduction of solid-phase assays have largely circumvented
these problems and improved the sensitivity of detection of anti-HLA antibodies [74]. The
identification of anti-HLA antibodies using ELISA was first described in 1993 where purified
HLA antigens were directly immobilized on the surface of microtitre plates but the basic
principle of antibody detection was similar to cell-based assays [75]. The Luminex platform is
a solid-phase assay that utilizes polystyrene microspheres (beads), each embedded with
fluorochromes of differing intensity attached to one (single-antigen beads) or several HLA
molecules (screening beads) to determine anti-HLA antibody specificity. Similar to other
assays, the addition of recipients’ sera containing anti-HLA antibodies are added to the bead
mix, these antibodies will bind to the appropriate beads expressing specific antigen(s). A
second phycoerytherin-labelled anti-human IgG is then added to this mixture and these
antibodies will bind to the primary anti-HLA antibody already attached to the beads. The
sample is then passed through lasers, which would independently excite the beads and the
phycoerytherin therefore allowing the laser detector to define antibody specificity [76, 77].
Unlike the CDC assays, Luminex assay detect both complement-fixing and non-complement-
fixing anti-HLA antibodies but does not detect IgM autoantibodies or non-HLA antibodies.
With the continued reliance on using cell-based cross-match assays, especially CDC cross-
match assays to determine transplant suitability, a potential disadvantage of virtual cross-
match is that transplants may be excluded based on antibody results with unknown clinical
relevance [78]. It is generally accepted that solid phase virtual cross-match to identify anti-
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HLA donor specific antibodies complements the results of cell-based assays to help inform
decision-making process with regards to transplant suitability.

6. Clinical significance of anti-HLA donor-specific antibodies

It is well known that the presence of high levels of pre-transplant class I (HLA-A and B) ± II
(HLA-DR) donor-specific antibodies (DSA; i.e. anti-HLA antibodies with reactivity against the
potential donor leading to positive cross-match often as a result of prior sensitization events
including previous HLA-mismatched transplants, blood transfusions or pregnancy) is
associated with poorer graft outcomes, including the development of acute AMR, chronic
AMR, transplant glomerulopathy and late graft loss (Table 1) [79-81]. However, few studies
have suggested that the association between pre-transplant DSA and graft survival was
restricted to recipients who had developed early AMR, within the first 30-days post-trans‐
plantation [82]. In addition, the authors queried the cost-effectiveness of pre-transplant
screening for preformed DSA by demonstrating that the additional cost associated with
quarterly screening for anti-HLA antibodies would be between 3200 to 6700 Euros, which
would equate to an additional 83,000 to 130,000 Euros per avoided AMR because of preformed
non-lymphocytotoxic DSA in transplant candidates on the transplant wait-list for >5 years [82].
There is also increasing evidence demonstrating that the development of de novo DSA (occur‐
ring post-transplantation), especially development of DSA directed against HLA-DQ graft
molecules in HLA-class II incompatible graft transplantations, are both associated with acute
and subclinical AMR and graft loss in kidney transplant only and/or simultaneous pancreas-
kidney transplant recipients [80, 83-85]. Although there is no current consensus on the level
of clinically significant DSA identified by flow cytometric or Luminex assays, most studies
have demonstrated that increasing single, peak or total DSA levels were associated with an
incremental risk of rejection and/or graft loss [86, 87]. Recent studies have suggested that the
detection of C1q-fixing DSA (i.e. the potential to identify DSA that can activate complements
by binding C1q) may be more specific in predicting acute rejection, biopsy C4d-deposition,
transplant glomerulopathy and late graft failure following kidney transplantation but this
remains controversial and not routinely performed in many transplanting centres [88, 89]. The
clinical benefit of routine regular surveillance for de novo DSA in improving graft survival
following kidney transplantation remains unclear although a recent study of 72 live-donor
renal transplant recipients suggested that the appearance of de novo DSA was inversely
proportional to the amount of maintenance immunosuppressive drugs (especially in the
weaning phase of immunosuppression minimization particularly prednisolone) such that
DSA monitoring may be highly effective for detecting escape from tolerance and reappearance
of the immune response in weaned patients [90]. With the greater understanding of HLA
antigens and anti-HLA antibodies, innovative techniques have been established to allow
transplantation across positive CDC and/or flow cross-match barriers but this is beyond the
scope of this chapter.

The Evolution of HLA-Matching in Kidney Transplantation
http://dx.doi.org/10.5772/54747

357



cross-match is an absolute contraindication for transplantation whereas B cell cross-match is
not routinely performed and therefore not utilized in the decision-making process for trans‐
plantation. With the increasing recognition of the potential importance of a positive CDC B
cell cross-match, these results are now often interpreted in the context of solid phase assays.

The basic principle of flow cross-match technique is similar to CDC assay. Since the description
of this assay in the early 1980s, this technique has been widely adopted to determine transplant
suitability [71]. Similar to CDC assay, flow assay requires the addition of donor cells to
recipients’ sera, followed by the addition of a secondary fluorescein-labelled antibody allowing
for the detection by flow cytometry and quantification of antibodies expressed as channel
shifts. Unlike CDC cross-match, flow cytometric cross-match identifies both complement-
fixing and non-complement-fixing anti-HLA donor-specific antibodies. However, the availa‐
bility of different subtypes of detection antibodies has allowed for the differentiation between
complement-fixing versus non-complement-fixing antibodies [72]. Although an universal cut-
off value for a positive flow cross-match has not been determined, it is agreed that the use of
a low cut-off point will result in increased sensitivity but reduced specificity for predicting
graft outcomes (especially in the presence of negative CDC cross-match) as this may identify
anti-HLA donor specific antibodies of no clinical significance. Nevertheless, renal transplant
recipients with positive flow cross-match but negative CDC cross-match have a significantly
greater risk of antibody-mediated rejection (AMR) and early graft loss with a positive predic‐
tive value for predicting AMR of 83% [72, 73].

To avoid problems associated with the viability of the donor cells, which could affect the
accuracy of cell-based assays, the introduction of solid-phase assays have largely circumvented
these problems and improved the sensitivity of detection of anti-HLA antibodies [74]. The
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assays, the addition of recipients’ sera containing anti-HLA antibodies are added to the bead
mix, these antibodies will bind to the appropriate beads expressing specific antigen(s). A
second phycoerytherin-labelled anti-human IgG is then added to this mixture and these
antibodies will bind to the primary anti-HLA antibody already attached to the beads. The
sample is then passed through lasers, which would independently excite the beads and the
phycoerytherin therefore allowing the laser detector to define antibody specificity [76, 77].
Unlike the CDC assays, Luminex assay detect both complement-fixing and non-complement-
fixing anti-HLA antibodies but does not detect IgM autoantibodies or non-HLA antibodies.
With the continued reliance on using cell-based cross-match assays, especially CDC cross-
match assays to determine transplant suitability, a potential disadvantage of virtual cross-
match is that transplants may be excluded based on antibody results with unknown clinical
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(HLA-DR) donor-specific antibodies (DSA; i.e. anti-HLA antibodies with reactivity against the
potential donor leading to positive cross-match often as a result of prior sensitization events
including previous HLA-mismatched transplants, blood transfusions or pregnancy) is
associated with poorer graft outcomes, including the development of acute AMR, chronic
AMR, transplant glomerulopathy and late graft loss (Table 1) [79-81]. However, few studies
have suggested that the association between pre-transplant DSA and graft survival was
restricted to recipients who had developed early AMR, within the first 30-days post-trans‐
plantation [82]. In addition, the authors queried the cost-effectiveness of pre-transplant
screening for preformed DSA by demonstrating that the additional cost associated with
quarterly screening for anti-HLA antibodies would be between 3200 to 6700 Euros, which
would equate to an additional 83,000 to 130,000 Euros per avoided AMR because of preformed
non-lymphocytotoxic DSA in transplant candidates on the transplant wait-list for >5 years [82].
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kidney transplant recipients [80, 83-85]. Although there is no current consensus on the level
of clinically significant DSA identified by flow cytometric or Luminex assays, most studies
have demonstrated that increasing single, peak or total DSA levels were associated with an
incremental risk of rejection and/or graft loss [86, 87]. Recent studies have suggested that the
detection of C1q-fixing DSA (i.e. the potential to identify DSA that can activate complements
by binding C1q) may be more specific in predicting acute rejection, biopsy C4d-deposition,
transplant glomerulopathy and late graft failure following kidney transplantation but this
remains controversial and not routinely performed in many transplanting centres [88, 89]. The
clinical benefit of routine regular surveillance for de novo DSA in improving graft survival
following kidney transplantation remains unclear although a recent study of 72 live-donor
renal transplant recipients suggested that the appearance of de novo DSA was inversely
proportional to the amount of maintenance immunosuppressive drugs (especially in the
weaning phase of immunosuppression minimization particularly prednisolone) such that
DSA monitoring may be highly effective for detecting escape from tolerance and reappearance
of the immune response in weaned patients [90]. With the greater understanding of HLA
antigens and anti-HLA antibodies, innovative techniques have been established to allow
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Study Cohort Rejection Graft survival

Eng H et al (n=471

DD renal transplant

recipients) [79]

83 T-B+ XM vs 386 T-B-

XM; IgG HLA DSA in 33%

of T-B+ XM patients

Vascular: 19% T-B- vs 32% T-B+

(p=0.01); DSA was a significant

predictor for vascular or

glomerular rejection

Graft loss: T-B+ - 44%; T-B- 27%

(especially class I DSA)

Lefaucheur C et al

(n=402 DD renal

transplant recipients)

[80]

83 (21%) positive DSA by

Luminex by peak sera vs

76 (19%) by current sera

The presence of SAB HLA-DSA on

the peak and current serum has a

PPV for AMR of 35% and 32%

respectively. Prevalence of AMR

1% in patients with MFI <465,

19% MFI between 466 and 3000,

36% MFI between 3001 and

6000, and 51% MFI "/>6000.

Peak HLA-DSA Luminex MFI

predicted AMR better than

current HLA-DSA MFI.

5 and 8-year DCGS were 89% and

84% in non-sensitized patients, 92%

and 92% in sensitized patients with

no peak HLA-DSA, and 71% and

61% in patients with peak HLA-DSA.

Relative risk (RR) for graft loss for

patients who had an episode of

AMR was 4.1 (95% CI 2.2 to 7.7) as

compared with patients without

AMR.

Lefaucheur C et al

(n=237 LD and DD

renal transplant

recipients) [81]

All negative T and B-cell

CDC-XM. 27% class I or II

anti-HLA antibody with

52% DSA.

The incidence of AMR among

patients with preformed DSA was

35%, 9-fold higher than in

patients without DSA (3%) (p <

0.001).

Overall graft survival at 8 years was

68% in patients with DSA and 77%

in those with no DSA. Graft survival

of patients with DSA and AMR was

significantly worse than in DSA

patients without AMR and in non-

DSA patients.

Amico P et al (n=334

LD and DD renal

transplant recipients)

[105]

332 negative T and B cell

CDC-XM, 67 DSA vs 267

no DSA by Luminex

Overall incidence of clinical/

subclinical rejection (i.e., AMR

and acute T-cell mediated

rejection) at day 200 post-

transplant was significantly

higher in patients with HLADSA

(48/67; 71%) than in patients

without HLA-DSA (94/267; 35%).

DCGS at 5 years was 89% in those

without DSA, 87% with DSA but no

AMR and 68% with DSA and AMR.

HLA – human leukocyte antigen, DD – deceased donor, LD – live-donor, CDC-XM – complement dependent cytotoxicity
cross-match, DSA – donor-specific antibodies, SAB – single antigen bead, AMR – antibody mediated rejection, DCGS –
death-censored graft survival, MFI – mean fluorescent intensity, PPV – positive predictive value.

Table 1. Association between donor-specific antibodies and graft outcomes.

7. HLA-matching in kidney allocation from deceased donors

Most renal transplant programs preferentially allocate kidneys from deceased donors to
transplant candidates with favourable HLA compatibility. The current allocation of deceased-
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donor kidneys in most countries, including Australia and the Eurotransplant group (Germany,
The Netherlands, Belgium, Luxembourg, Slovenia, and Austria), is weighted largely on the
degree of mismatched antigens at the HLA-A, -B and -DR loci, with less emphasis on other
factors such as time on dialysis, prior sensitization and even ischaemic time. When a potential
deceased-donor kidney is available in Australia, transplant candidates on the wait-list are
ranked according to an allocation score calculated from a combination of factors including the
number of HLA-mismatches, age of recipient, degree of sensitization and time on wait-list [91].
Approximately 20% of deceased donor kidneys are allocated on a national level to highly
sensitized transplant candidates (around 20% of kidneys allocated) but the remaining 80% of
deceased donor kidneys are allocated through individual state allocation algorithms.

Despite efforts to achieve equity of access to transplantation in many countries, the inclusion
of HLA matching in the allocation of deceased donor kidneys is believed to disadvantage
transplant candidates with uncommon HLA phenotypes [92]. Consequently, indigenous
populations and ethnic minorities often have a much longer transplant wait-list time and are
less likely to receive well-matched kidneys [97-100]. The elimination of the allocation priority
for HLA-B mismatches has been shown to improve the transplant potential of ethnic minorities
but this approach has not been widely adopted by other countries [61].

In Australia, unacceptable class I HLA-mismatches are defined using the Luminex platform
and the presence of class I DSA against HLA-A and -B antigens with >2000 mean fluorescent
intensity (MFI) excludes transplant candidates from receiving these donor kidneys, independ‐
ent of the CDC-cross match results. At present, class II DSA is not explicitly considered in the
allocation of kidneys from deceased donors in Australia but many centres have already
adopted the policy of avoiding transplantation of kidneys into transplant candidates with high
levels of class II DSA.

8. Acceptable HLA-mismatch and highly sensitized transplant candidates

Highly sensitised transplant candidates (defined as those having a panel reactive antibody
[PRA] level of >80%) on the deceased donor transplant wait-list are less likely to receive donor
kidneys (greater likelihood of obtaining a positive complement-dependent cytotoxicity [CDC]-
cross-match result with any given donor) and have a much longer wait-list time compared to
unsensitized transplant candidates, resulting in a greater risk of mortality whilst remaining
on the transplant wait-list [93]. In Australia, highly sensitized transplant candidates represent
approximately 5% of the wait-listed candidates and are more likely to wait on average twice
as long as unsensitized transplant candidates despite an increase in the number of deceased
donors over time (202 donors in 2006 compared to 309 donors in 2010) [6].

Although HLA matching has traditionally been performed at the broad antigen level, a model
considering cross-reacting groups (CREGs) may increase the probability of identifying more
compatible kidneys for ethnic minorities and highly sensitized transplant candidates. HLA
antigens comprise of multiple serologic epitopes made of polymorphic amino acid residues,
and it is these structures and their conformation and position that determine antibody
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donor kidneys in most countries, including Australia and the Eurotransplant group (Germany,
The Netherlands, Belgium, Luxembourg, Slovenia, and Austria), is weighted largely on the
degree of mismatched antigens at the HLA-A, -B and -DR loci, with less emphasis on other
factors such as time on dialysis, prior sensitization and even ischaemic time. When a potential
deceased-donor kidney is available in Australia, transplant candidates on the wait-list are
ranked according to an allocation score calculated from a combination of factors including the
number of HLA-mismatches, age of recipient, degree of sensitization and time on wait-list [91].
Approximately 20% of deceased donor kidneys are allocated on a national level to highly
sensitized transplant candidates (around 20% of kidneys allocated) but the remaining 80% of
deceased donor kidneys are allocated through individual state allocation algorithms.

Despite efforts to achieve equity of access to transplantation in many countries, the inclusion
of HLA matching in the allocation of deceased donor kidneys is believed to disadvantage
transplant candidates with uncommon HLA phenotypes [92]. Consequently, indigenous
populations and ethnic minorities often have a much longer transplant wait-list time and are
less likely to receive well-matched kidneys [97-100]. The elimination of the allocation priority
for HLA-B mismatches has been shown to improve the transplant potential of ethnic minorities
but this approach has not been widely adopted by other countries [61].

In Australia, unacceptable class I HLA-mismatches are defined using the Luminex platform
and the presence of class I DSA against HLA-A and -B antigens with >2000 mean fluorescent
intensity (MFI) excludes transplant candidates from receiving these donor kidneys, independ‐
ent of the CDC-cross match results. At present, class II DSA is not explicitly considered in the
allocation of kidneys from deceased donors in Australia but many centres have already
adopted the policy of avoiding transplantation of kidneys into transplant candidates with high
levels of class II DSA.

8. Acceptable HLA-mismatch and highly sensitized transplant candidates

Highly sensitised transplant candidates (defined as those having a panel reactive antibody
[PRA] level of >80%) on the deceased donor transplant wait-list are less likely to receive donor
kidneys (greater likelihood of obtaining a positive complement-dependent cytotoxicity [CDC]-
cross-match result with any given donor) and have a much longer wait-list time compared to
unsensitized transplant candidates, resulting in a greater risk of mortality whilst remaining
on the transplant wait-list [93]. In Australia, highly sensitized transplant candidates represent
approximately 5% of the wait-listed candidates and are more likely to wait on average twice
as long as unsensitized transplant candidates despite an increase in the number of deceased
donors over time (202 donors in 2006 compared to 309 donors in 2010) [6].

Although HLA matching has traditionally been performed at the broad antigen level, a model
considering cross-reacting groups (CREGs) may increase the probability of identifying more
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antigens comprise of multiple serologic epitopes made of polymorphic amino acid residues,
and it is these structures and their conformation and position that determine antibody
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accessibility, recognition, and subsequent reactivity [94]. Almost 200 class I and II epitopes
have been defined by Luminex technology [95]. Some epitopes are shared across different HLA
alleles while some are unique to single or more restricted numbers of HLA alleles. While there
are considerable differences in HLA antigen frequencies between different ethnic groups,
CREGs are more evenly distributed [96].

The concept of acceptable HLA-mismatch identifies mismatched HLA-antigens that could be
considered as compatible at a structural or functional level. It is based on the principle that
each HLA antigen is structurally unique and that an individual cannot mount an immuno‐
logical response against an epitope expressed by their own HLA, i.e. one cannot react against
shared ‘self’ epitopes [105, 106]. It has been demonstrated that such acceptable HLA-mis‐
matches would result in a negative CDC cross-match and therefore allow transplantation to
safely proceed [97, 98].

Acceptable HLA-mismatches can be identified using HLAMatchmaker or the Luminex
platform. HLAMatchmaker is a computer algorithm that regards each HLA antigen as a string
of polymorphic amino acid configurations in antibody-accessible positions (epitopes) formed
by triplets or eplets [99, 100]. For any given set of HLA antigens, HLAMatchmaker can define
the number of triplet or eplet mismatches present against any foreign HLA antigen and hence
define the HLA antigens that are mismatched at the broad antigen level but matched at the
eplet level, i.e. acceptable HLA-mismatches. Graft outcomes of HLAMatchmaker-identified
0-2 triplet-mismatched kidney transplant recipients are similar compared to recipients with 0
HLA-mismatch at the HLA-A, -B and –DR loci (Figure 5) [101]

HLA – human leukocyte antigen, UNOS – United Nation Organ Sharing, T - triplets.

Figure 5. Impact of HLA-A, -B triplet (T) matching on 5-year graft survival rates in zero-HLA-DR-mismatched kidney
transplants in a cohort of United Nation of Organ Sharing (UNOS) renal transplant recipients between 1987 and 1999
(adapted from Duquesnoy et al Transplantation 2003) [101].
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The Luminex platform determines specificity and quantifies anti-HLA antibodies present in
potential transplant candidates and is used in Australia to define unacceptable class I HLA-
mismatches. Although it may be logical to consider Luminex-define DSA with MFI of <500 as
acceptable mismatch, the utlilization of this technique or the appropriate thresholds of
Luminex-determined acceptable mismatch remain unknown [102].

In highly sensitized transplant candidates, the identification of acceptable HLA-mismatch has
been shown to improve their transplant potential by reducing the number of HLA-mismatches
therefore identifying additional donors likely to produce a negative CDC cross-match.

9. Acceptable HLA-mismatch programs

Successful acceptable HLA-mismatch programs have been implemented in many countries,
including Europe, United Kingdom and United States [45, 114-116]. Eurotransplant Acceptable
Mismatch Program was established in mid 1970 to improve the transplant potential of highly
sensitized transplant candidates. Over the ensuing decade, eleven other similar programs were
introduced throughout Europe [103]. Although there is considerable variation in PRA cut-off
to define highly sensitized transplant candidates, it is generally accepted that PRA >80% may
be the most appropriate cut-off. Table 2 highlights the results of the established acceptable
mismatch programs.

Scheme Initiation Reference Eligibility Outcomes/Activity

UK Transplant SOS Scheme

(UKT:SOS)

Feb 1984 [106] PRA"/>85%

(historic or

current sera)

• 65% graft survival at 1year

• 42% transplanted within 1year

Collaborative Transplant Study

Highly Immunized Trial

(CTS:HIT)

1985 [107] PRA"/>80%

(current sera)

• 5-year graft survival comparable to

unsensitized recipients (59% vs 60%)

Eurotransplant Acceptable

Mismatch Program

(ET:ACMM)

1985 [100] PRA≥85%

(historic or

current sera)

• 2-year graft survival comparable to

unsensitized recipients (87%)

• 45% transplanted in 1year, mean 8.9

months reduction in mean wait time

South Eastern Organ Procurement

Foundation High Grade HLA Match

algorithm

(SEOPF:HGM)

Jan 1994 [108] PRA≥40%

(current sera)

• 2-year graft survival comparable to

unsensitized recipients (86% vs 88%)

PRA – panel reactive antibody, HLA – human leukocyte antigen

Table 2. Description of allocation schemes based on acceptable HLA-mismatch.
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The Eurotransplant Acceptable Mismatch Program is the largest and most successful program
and runs in parallel with the Eurotransplant Kidney Allocation System (ETKAS) to identify
acceptable HLA-mismatches in potential highly sensitized transplant candidates through
comprehensive serum screening for acceptable mismatches. The introduction of the acceptable
mismatch program has significantly reduced waiting time for highly sensitized transplant
candidates whilst achieving comparable short and long-term graft outcomes to unsensitized
transplant recipients [100].

The deceased donor kidney allocation algorithm in Australia does not consider acceptable
HLA-mismatches for highly sensitized transplant candidates. We are currently investigating
the impact of identifying and incorporating acceptable mismatches into the deceased-donor
kidney allocation model and our preliminary data suggest that an acceptable mismatch
program could result in an improvement in transplant potential of 1 in 10 highly sensitized
renal transplant recipients (PRA >80%) with a potential reduction in average transplant wait-
list time of 33 months [104].

10. Conclusion

Despite the evolution of more sensitive molecular-based HLA-typing and the ability to detect
DSA, there continues to be an important association between HLA-matching and graft and
patient outcomes in kidney transplantation. Nevertheless, the application of molecular-based
typing in kidney transplantation is already being mandated by most of the transplant com‐
munity and may provide greater accuracy in the assessment of individual’s immunological
risk as well as improving transplant outcomes.
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1. Introduction

Since the discovery of the major histocompatibility complex (MHC) in 1967, there has been
significant development in the field of organ and tissue transplantation. In humans, the MHC
is called the human leukocyte antigen system and is located on the short arm of chromosome
6, near the complement genes. These cell surface proteins are the principal antigenic determi‐
nants of graft rejection.

The presence of donor-specific HLA antibodies in kidney transplant recipients can be identi‐
fied by crossmatch. Since 1969, pre-transplant crossmatch has become a mandatory component
of the transplant work-up process. It has largely eliminated hyperacute rejection. Crossmatch
techniques have expanded from basic complement-dependent microcytotoxicity (CDC) assays
to additionally include flow crossmatches and virtual crossmatches derived using the luminex
assay. The improved sensitivity and specificity of virtual crossmatch when compared to CDC
and flow crossmatches has revolutionised the pre-transplant crossmatch process, but also
greatly increased its complexity.

2. HLA antigens

HLA molecules are membrane bound glycoproteins that bind processed antigenic peptides
and present them to T cells. The essential role of the HLA antigens lies in the control of self-
recognition and thus defence against microorganisms. Based on the structure of the antigens
produced and their function, there are two classes of HLA antigens, HLA Class I and Class II.
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1. Introduction

Since the discovery of the major histocompatibility complex (MHC) in 1967, there has been
significant development in the field of organ and tissue transplantation. In humans, the MHC
is called the human leukocyte antigen system and is located on the short arm of chromosome
6, near the complement genes. These cell surface proteins are the principal antigenic determi‐
nants of graft rejection.

The presence of donor-specific HLA antibodies in kidney transplant recipients can be identi‐
fied by crossmatch. Since 1969, pre-transplant crossmatch has become a mandatory component
of the transplant work-up process. It has largely eliminated hyperacute rejection. Crossmatch
techniques have expanded from basic complement-dependent microcytotoxicity (CDC) assays
to additionally include flow crossmatches and virtual crossmatches derived using the luminex
assay. The improved sensitivity and specificity of virtual crossmatch when compared to CDC
and flow crossmatches has revolutionised the pre-transplant crossmatch process, but also
greatly increased its complexity.

2. HLA antigens

HLA molecules are membrane bound glycoproteins that bind processed antigenic peptides
and present them to T cells. The essential role of the HLA antigens lies in the control of self-
recognition and thus defence against microorganisms. Based on the structure of the antigens
produced and their function, there are two classes of HLA antigens, HLA Class I and Class II.
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The overall size of the MHC is approximately 3.5 million base pairs. Within this is the HLA
Class I genes and the Class II genes each spread over approximately one third of this length.
The remaining section, sometimes known as Class III, contains loci responsible for comple‐
ment, hormones, intracellular peptide processing and other development characteristics [1].
Thus the Class III region is not actually a part of the HLA complex, but is located within the
HLA region, because its components are either related to the functions of HLA antigens or are
under similar control mechanisms to the HLA antigens.

2.1. HLA Class I antigens

The cell surface glycopeptide antigens of the HLA A, B and C series are called HLA Class I anti‐
gens [2]. HLA Class I antigens are expressed on all nucleated cells of the body. Additionally, they
are found in soluble form in plasma and adsorbed onto the surface of platelets. Erythrocytes also
adsorb HLA Class I antigens to varying degrees depending on the specificity (e.g. HLA-B7, A28
and B57 are recognizable on erythrocytes as so called “Bg” antigens). Immunological studies in‐
dicate that HLA-B (which is also the most polymorphic) is the most significant HLA Class I locus,
followed by HLA-A and then HLA-C. There are other HLA Class I loci (e.g. HLA E, F, G, H, J, K
and L), but most of these may not be important as loci for “peptide presenters”.

The HLA Class I antigens comprise a 45 Kilodalton (Kd) glycopeptide heavy chain with three
domains, which is non-covalently associated with β2-microglobulin, which plays an important
role in the structural support of the heavy chain [3]. The HLA Class I molecule is assembled
inside the cell and ultimately sits on the cell surface with a section inserted into the lipid bilayer
of the cell membrane and has a short cytoplasmic tail.

The general structure of HLA Class I, HLA Class II and IgM molecules show such similarity
of subunits, that a common link between HLA and immunoglobulins, back to some primordial
cell surface receptor is likely. The full 3-dimensional structure of HLA-A Class I molecules has
been determined from X-ray crystallography [4]. This has demonstrated that the molecule has
a cleft on its outermost surface, which holds a peptide. Consequently, if a cell becomes infected
with a virus, the virally induced proteins within the cell are broken down into small peptides
which are then inserted into this cleft during the synthesis of HLA Class I molecules. The HLA
Class I molecules then translocate these virally (or self) induced peptides to the cell surface
leading to activation of cytotoxic (CD8) T cells [5]. This role of HLA Class I, in identifying cells,
which are changed (e.g. virally infected), is the basis for their expression on all cells [4].
Epitopes on certain expressed HLA Class I molecules also act as ligands for killer inhibitory
receptors expressed on natural killer [6] cells, thereby influencing NK cell function [7].

2.2. HLA class II antigens

The cell surface glycopeptide antigens of the HLA DR, DP and DQ loci are termed HLA Class
II [1]. The tissue distribution of HLA Class II antigens is confined to the “immune competent”
cells, including B-lymphocytes, macrophages, and endothelial cells and activated T-lympho‐
cytes. The expression of HLA Class II, on cells, which would not normally express them, is
stimulated by cytokines like interferon-γ and is associated with acute graft rejection in the
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setting of transplantation. HLA Class II molecules consist of two chains each encoded by genes
in the “HLA Complex” on Chromosome 6 [3]. The T Cells, which link to the HLA Class II
molecules, are Helper (CD4) T cells. This role of HLA Class II, in initiating a general immune
response, is the rationale for their limited expression on “immunologically active” cells (B
lymphocytes, macrophages, etc.) and not on all tissues [4].

2.3. Recent changes to HLA nomenclature

A new HLA nomenclature was introduced in April 2010, replacing a system which had been
in use since the 1990’s. The main drive for the change was that the old system could no longer
accommodate the increasing number of HLA alleles that were being described. There are
currently over 5,700 alleles described across all the classical and non classical HLA loci.

The old system was based on assigning significance to pairs of digits in the allele nomenclature
(Fig 1). For example in the allele HLA-A*02010102L, the designation ‘HLA’ identifies the allele
as a HLA allele. The dash (-) separates the HLA designation from the gene, in this case the ‘A’
gene. The ‘*’ is a separator. Of the actual allele name, the first two digits (02010102L) represents
the allele group and in most instances, was synonymous with the Serological type (A2 in this
case). The third and fourth digits (02010102L) identified the specific allele. All alleles whose no‐
menclature differed in these first four positions (02010102L) must code for proteins with differ‐
ent sequences. Alleles whose nomenclature differed in the fifth and sixth position (02010102L)
code for proteins with silent mutations within the coding sequences. A sequence which dif‐
fered by mutations in the introns or in the untranslated regions flanking the 3’ and 5’ ends of the
exons were identified by different digits in the seventh and eighth positions (02010102L). In ad‐
dition, a number of suffixes were used to identify sequences that were null, i.e. not expressed
(N), those that had low expression (L), those that were secreted (S), those found only in the cy‐
toplasm (C), those with questionable expression and those with aberrant expression (A).

Figure 1. Old HLA nomenclature
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A key limitation of this old system was that it only allowed for up to 99 alleles which differ in
any of the pairs of positions. The HLA-A*02 and B*15 allele groups were the first to run into
this problem when more than 99 alleles were detected. At that time, the WHO Nomenclature
Committee for the HLA system decided to adopt the rollover sequences A*92 and B*95
respectively for A*02 and B*15. When A*0299 was identified, the next A*02 allele described
was named A*9201. Similarly when B*1599 was identified the next B*15 allele described was
named B*9501. Recently however, a number of other HLA types started to fast approach 99
alleles. These include A*03, B*40, B*44 and DRB1*11. Adopting rollover sequences for all of
these was impractical. A rollover system of sorts had already been adopted for HLA-DPB1.
When HLA-DPB1*9901 was identified, the next HLA-DPB1 allele was named ‘within the
existing sequences’ as HLA-DPB1*0102.

In 2010, a new nomenclature system was adopted (Fig 2) [8, 9]. This introduced colons ‘:’ as
separators between pairs of digits. HLA-A*02010102L therefore became HLA-A*02:01:01:02L.
The pairs of digits separated by colons are known as Fields. The first and second digits of the
old nomenclature form the 1st Field of the new nomenclature. The third and fourth digits of
the old nomenclature form the 2nd Field of the new nomenclature. To help reduce confusion
in adopting the new nomenclature, the leading ‘0’ in alleles 1-9 of each allele group was kept.

Figure 2. New HLA nomenclature

The introduction of the colons means that each Field is no longer restricted to 99 digits but can
be expanded limitlessly. Once HLA-A*03:99 was identified, the next A3 allele could be named
HLA-A*03:100.

With the introduction of colons and therefore the removal of the artificial restriction of 99 digits,
there is no more need for rollover sequences. HLA-A*92 and B*95 were renamed A*02 and
B*15 respectively and their associated alleles remapped. A*9201 became A*02:101. A*9202
became A*02:102 etc. HLA-B*9501 became B*15:101. HLA-B*9502 became B*15:102 etc. HLA-
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A*02:100 and B*15:100 were not used to help make the remapping easier. However other HLA
types which exceed 99 alleles will use allele 100. HLA-DPB1 alleles were also remapped.
HLADPB1*0102 became HLA-DPB1*100:01.

A number of other changes were made to the nomenclature. The ‘w’ was dropped from HLA-
Cw alleles but not from Cw antigens. HLA-Cw*0102 became HLA-C*01:02. The ‘w’ was kept
in antigen names to avoid confusion with complement factors as well as with KIR ligand
groups. For ambiguous allele strings, the codes ‘P’ and ‘G’ were introduced. A group of alleles
that share the same nucleotide sequences within exons 2 and 3 for HLA class I and exon 2 for
HLA class II were named after the first allele in the sequence and given a code of ‘G’ as a suffix.
E.g. HLA-A*02:01:01 and HLA-A*02:01:02 could be named HLA-A*02:01G. A group of alleles
that share the same protein sequences in the α2 and α3 domains, irrespective of the nucleotide
sequence differences could be named after the first allele in the sequence and given a code of
‘P’ as a suffix e.g. HLA-A*02:01:01P.

2.4. Clinical relevance of the HLA system

The most important function of MHC molecule is in the induction and regulation of immune
responses. T-lymphocytes recognize foreign antigen in combination with HLA molecules.

In an immune response, foreign antigen is processed by and presented on the surface of a cell
(e.g. macrophage). The presentation is made by way of a HLA molecule. The HLA molecule
has a section, called its antigen (or peptide) binding cleft, in which it has these antigens inserted.
T-lymphocytes interact with the foreign antigen/HLA complex and are activated. Upon
activation, the T cells multiply and by the release of cytokines, are able to set up an immune
response that will recognize and destroy cells with this same foreign antigen/HLA complex,
when next encountered. The exact mode of action of HLA Class I and HLA Class II antigens
is different in this process. HLA Class I molecules, by virtue of their presence on all nucleated
cells, present antigens that are peptides produced by invading viruses. These are specifically
presented to cytotoxic T cells (CD8) which will then act directly to kill the virally infected cell.
HLA Class II molecules have an intracellular chaperone network which prevents endogenous
peptide from being inserted into its antigen binding cleft. They instead bind antigens (peptides)
which are derived from outside of the cell (and have been engulfed). Such peptides would be
from a bacterial infection. The HLA Class II molecule presents this “exogenous” peptide to
helper T cells (CD4) which then set up a generalized immune response to this bacterial
invasion. Thus it is apparent that MHC products are an integral part of immunological health
and therefore it is no surprise to see a wide variety of areas of clinical and genetic implications.

2.5. HLA and renal transplants

HLA typing was applied to kidney transplantation very soon after the first HLA determinants
were characterized [10-12]. The importance of reducing mismatched antigens in donor kidneys
was immediately apparent with superior survival of grafts from HLA identical siblings
compared to one haplotype matches or unrelated donors. It is apparent that the effect of HLA
matching is significant, even with the highly efficient immunosuppression used today. The

Transplantation Antigens and Histocompatibility Matching
http://dx.doi.org/10.5772/54738

375



A key limitation of this old system was that it only allowed for up to 99 alleles which differ in
any of the pairs of positions. The HLA-A*02 and B*15 allele groups were the first to run into
this problem when more than 99 alleles were detected. At that time, the WHO Nomenclature
Committee for the HLA system decided to adopt the rollover sequences A*92 and B*95
respectively for A*02 and B*15. When A*0299 was identified, the next A*02 allele described
was named A*9201. Similarly when B*1599 was identified the next B*15 allele described was
named B*9501. Recently however, a number of other HLA types started to fast approach 99
alleles. These include A*03, B*40, B*44 and DRB1*11. Adopting rollover sequences for all of
these was impractical. A rollover system of sorts had already been adopted for HLA-DPB1.
When HLA-DPB1*9901 was identified, the next HLA-DPB1 allele was named ‘within the
existing sequences’ as HLA-DPB1*0102.

In 2010, a new nomenclature system was adopted (Fig 2) [8, 9]. This introduced colons ‘:’ as
separators between pairs of digits. HLA-A*02010102L therefore became HLA-A*02:01:01:02L.
The pairs of digits separated by colons are known as Fields. The first and second digits of the
old nomenclature form the 1st Field of the new nomenclature. The third and fourth digits of
the old nomenclature form the 2nd Field of the new nomenclature. To help reduce confusion
in adopting the new nomenclature, the leading ‘0’ in alleles 1-9 of each allele group was kept.

Figure 2. New HLA nomenclature

The introduction of the colons means that each Field is no longer restricted to 99 digits but can
be expanded limitlessly. Once HLA-A*03:99 was identified, the next A3 allele could be named
HLA-A*03:100.

With the introduction of colons and therefore the removal of the artificial restriction of 99 digits,
there is no more need for rollover sequences. HLA-A*92 and B*95 were renamed A*02 and
B*15 respectively and their associated alleles remapped. A*9201 became A*02:101. A*9202
became A*02:102 etc. HLA-B*9501 became B*15:101. HLA-B*9502 became B*15:102 etc. HLA-

Current Issues and Future Direction in Kidney Transplantation374

A*02:100 and B*15:100 were not used to help make the remapping easier. However other HLA
types which exceed 99 alleles will use allele 100. HLA-DPB1 alleles were also remapped.
HLADPB1*0102 became HLA-DPB1*100:01.

A number of other changes were made to the nomenclature. The ‘w’ was dropped from HLA-
Cw alleles but not from Cw antigens. HLA-Cw*0102 became HLA-C*01:02. The ‘w’ was kept
in antigen names to avoid confusion with complement factors as well as with KIR ligand
groups. For ambiguous allele strings, the codes ‘P’ and ‘G’ were introduced. A group of alleles
that share the same nucleotide sequences within exons 2 and 3 for HLA class I and exon 2 for
HLA class II were named after the first allele in the sequence and given a code of ‘G’ as a suffix.
E.g. HLA-A*02:01:01 and HLA-A*02:01:02 could be named HLA-A*02:01G. A group of alleles
that share the same protein sequences in the α2 and α3 domains, irrespective of the nucleotide
sequence differences could be named after the first allele in the sequence and given a code of
‘P’ as a suffix e.g. HLA-A*02:01:01P.

2.4. Clinical relevance of the HLA system

The most important function of MHC molecule is in the induction and regulation of immune
responses. T-lymphocytes recognize foreign antigen in combination with HLA molecules.

In an immune response, foreign antigen is processed by and presented on the surface of a cell
(e.g. macrophage). The presentation is made by way of a HLA molecule. The HLA molecule
has a section, called its antigen (or peptide) binding cleft, in which it has these antigens inserted.
T-lymphocytes interact with the foreign antigen/HLA complex and are activated. Upon
activation, the T cells multiply and by the release of cytokines, are able to set up an immune
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was immediately apparent with superior survival of grafts from HLA identical siblings
compared to one haplotype matches or unrelated donors. It is apparent that the effect of HLA
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important things include need for ABO compatibility and the need for a negative T-lympho‐
cyte crossmatch (using cytotoxicity). Complement binding anti-HLA Class I antibodies present
at the time of transplant will cause “hyperacute rejection” of the graft (i.e. when the T cell
crossmatch is positive).

3. HLA antibody detection and identification

3.1. Lymphocytotoxicity (serological testing)

In this serological test, lymphocytes are added to sera, which may or may not have antibodies
directed to HLA or other cell surface antigens [13]. If the serum contains an antibody specific
to an HLA (Class I or Class II) antigen on the lymphocytes, the antibody will bind to this HLA
antigen. Complement is then added. If there is a cell bound antibody that is able to fix
complement, the complement pathwayis activated causing membrane damage. The damaged
cells are not completely lysed but suffer sufficient membrane damage to allow uptake of vital
stains such as eosin or fluorescent stains such as Ethidium Bromide. Microscopic identification
of the stained cells, indicates the presence of a specific HLA antibody. The cells used for the
test are lymphocytes because of their excellent expression of HLA antigens and ease of isolation
compared to most other tissue. The most important use of this test is to detect specific donor-
reactive antibodies present in a potential recipient prior to transplantation.

This test has long been used to type for HLA Class I and Class II antigens, using antisera of
known specificity. However, the problems of cross-reactivity and non-availability of certain
antibodies have led to the introduction of DNA-based methods.

3.2. Mixed Lymphocyte Culture (MLC)

When lymphocytes from two individuals are cultured together, each cell population is able to
recognize the “foreign” HLA class II antigens of the other. As a response to these differences,
the lymphocytes transform into blast cells, with associated DNA synthesis. Radio-labelled
thymidine, added to the culture, will be used in this DNA synthesis. Therefore, radioactive
uptake is a measure of DNA synthesis and the difference between the HLA Class II types of
the two people. This technique can be refined by treating the lymphocytes from one of the
individuals to prevent cell division, for example by irradiation. It is thus possible to measure
the response of T lymphocytes from one individual to a range of foreign lymphocytes. It has
thus proved possible by using the mixed lymphocyte culture (MLC) test to use T lymphocytes
to define what were previously called HLA-D antigens. The “HLA-D” defined in this way is
actually a combination of HLA-DR, DQ and DP.

An important use of the MLC is in its use as a “cellular crossmatch” prior to transplantation
especially bone marrow. By testing the prospective donor and recipient, an in-vitro transplant
model is established which is an extremely significant indicator of possible rejection or Graft-
Versus-Host reaction.
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3.3. Molecular genetic techniques

3.3.1. RFLP (Restriction Fragment Length Polymorphism)

Restriction Fragment Length Polymorphism (RFLP) methods rely on the ability of certain
enzymes to recognize exact DNA nucleotide sequences and to cut the DNA at each of these
points [14]. Thus, the frequency of a particular sequence will determine the lengths of DNA
produced by cutting with a particular enzyme.

The DNA for one HLA (Class II) antigen, e.g. DR15, will have these particular enzyme cutting
sites (or “restriction sites”) at different positions compared to another antigen, e.g. DR17.
Consequently, the lengths of DNA observed when DR15 is cut by a particular enzyme, are
characteristic of DR15 and different to the sizes of the fragments seen when DR17 is cut by the
same enzyme [15].

3.3.2. Polymerase chain reaction

The Polymerase Chain Reaction (PCR) is a revolutionary system for investigating the DNA
nucleotide sequence of a particular region of interest in any individual [16]. Very small
amounts of DNA can be used as a starting point, such that it is theoretically possible to tissue
type using a single hair root. Sequencing DNA has been transformed from a long and laborious
exercise to a technique that is essentially automatable.

The first step in this technique is to obtain DNA from the nuclei of an individual. The double
stranded DNA is then denatured by heat into single stranded DNA. Oligonucleotide primer
sequences are then chosen to flank a region of interest. The oligo- nucleotide primer is a short
segment of complementary DNA, which will associate with the single stranded DNA to act as
a starting point for reconstruction of double stranded DNA at that site.

If the oligonucleotide is chosen to be close to a region of special interest like a hypervariable
region of HLA-DRB then the part of the DNA, and only that part, will become double stranded
DNA, when DNA polymerase and deoxyribonucleotide triphosphates are added. From one
copy of DNA it is thus possible to make two. Those two copies can then, in turn, be denatured,
reassociate with primers and produce four copies. This cycle can then be repeated until there
is a sufficient copy of the selected portion of DNA to isolate on a gel and then sequence or type.

There are a number of PCR based methods in use. For example:

• Sequence Specific Priming (SSP) - In this test, the oligonucleotide primers used to start the
PCR have sequences complimentary to known sequences which are characteristic to certain
HLA specificities. The primers, which are specific to HLA-DR15, for example, will not be
able to instigate the PCR for HLA-DR17. Typing is done by using a set of different PCR’s,
each with primers specific for different HLA antigens.

3.4. Sequence Specific Oligonucleotide (SSO) Typing

By this method, the DNA for a whole region (e.g. the HLA DR gene region) is amplified in the
PCR. The amplified DNA is then tested by adding labeled (e.g. Radioactive) oligonucleotide
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recognize the “foreign” HLA class II antigens of the other. As a response to these differences,
the lymphocytes transform into blast cells, with associated DNA synthesis. Radio-labelled
thymidine, added to the culture, will be used in this DNA synthesis. Therefore, radioactive
uptake is a measure of DNA synthesis and the difference between the HLA Class II types of
the two people. This technique can be refined by treating the lymphocytes from one of the
individuals to prevent cell division, for example by irradiation. It is thus possible to measure
the response of T lymphocytes from one individual to a range of foreign lymphocytes. It has
thus proved possible by using the mixed lymphocyte culture (MLC) test to use T lymphocytes
to define what were previously called HLA-D antigens. The “HLA-D” defined in this way is
actually a combination of HLA-DR, DQ and DP.
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especially bone marrow. By testing the prospective donor and recipient, an in-vitro transplant
model is established which is an extremely significant indicator of possible rejection or Graft-
Versus-Host reaction.
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3.3. Molecular genetic techniques

3.3.1. RFLP (Restriction Fragment Length Polymorphism)

Restriction Fragment Length Polymorphism (RFLP) methods rely on the ability of certain
enzymes to recognize exact DNA nucleotide sequences and to cut the DNA at each of these
points [14]. Thus, the frequency of a particular sequence will determine the lengths of DNA
produced by cutting with a particular enzyme.

The DNA for one HLA (Class II) antigen, e.g. DR15, will have these particular enzyme cutting
sites (or “restriction sites”) at different positions compared to another antigen, e.g. DR17.
Consequently, the lengths of DNA observed when DR15 is cut by a particular enzyme, are
characteristic of DR15 and different to the sizes of the fragments seen when DR17 is cut by the
same enzyme [15].

3.3.2. Polymerase chain reaction

The Polymerase Chain Reaction (PCR) is a revolutionary system for investigating the DNA
nucleotide sequence of a particular region of interest in any individual [16]. Very small
amounts of DNA can be used as a starting point, such that it is theoretically possible to tissue
type using a single hair root. Sequencing DNA has been transformed from a long and laborious
exercise to a technique that is essentially automatable.

The first step in this technique is to obtain DNA from the nuclei of an individual. The double
stranded DNA is then denatured by heat into single stranded DNA. Oligonucleotide primer
sequences are then chosen to flank a region of interest. The oligo- nucleotide primer is a short
segment of complementary DNA, which will associate with the single stranded DNA to act as
a starting point for reconstruction of double stranded DNA at that site.

If the oligonucleotide is chosen to be close to a region of special interest like a hypervariable
region of HLA-DRB then the part of the DNA, and only that part, will become double stranded
DNA, when DNA polymerase and deoxyribonucleotide triphosphates are added. From one
copy of DNA it is thus possible to make two. Those two copies can then, in turn, be denatured,
reassociate with primers and produce four copies. This cycle can then be repeated until there
is a sufficient copy of the selected portion of DNA to isolate on a gel and then sequence or type.

There are a number of PCR based methods in use. For example:

• Sequence Specific Priming (SSP) - In this test, the oligonucleotide primers used to start the
PCR have sequences complimentary to known sequences which are characteristic to certain
HLA specificities. The primers, which are specific to HLA-DR15, for example, will not be
able to instigate the PCR for HLA-DR17. Typing is done by using a set of different PCR’s,
each with primers specific for different HLA antigens.

3.4. Sequence Specific Oligonucleotide (SSO) Typing

By this method, the DNA for a whole region (e.g. the HLA DR gene region) is amplified in the
PCR. The amplified DNA is then tested by adding labeled (e.g. Radioactive) oligonucleotide
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probes, which are complementary for DNA sequences, characteristic for certain HLA antigens.
These probes will then “type” for the presence of specific DNA sequences of HLA genes.

3.5. Panel Reactive Antibodies (PRA)

PRA has been used to measure patient HLA sensitisation ever since pre-formed donor specific
HLA antibodies were associated with hyperacute rejection in renal transplantation in the
1960’s [17]. As traditionally defined, PRA refers to the percentage of an antibody screening
panel with which the patient’s serum reacts. A kidney patient with a PRA > 85% is considered
highly sensitised. This measure of PRA however relies on the composition of the panel which
may not necessarily reflect the antigen frequencies in the donor population. This measure of
PRA is not therefore a good reflection of the chances of the patient finding a compatible donor.
Variations in cell panels, both commercial and in house, result in wide variations in recorded
PRA for patients on the waiting list.

The calculated PRA (cPRA) was introduced to overcome this problem [18]. The cPRA can be
calculated in a number of different ways, but relies on the identification of a potential recipi‐
ent’s anti-HLA antibody profile. This has been made much easier by the wide adoption of solid
phase assays such as Luminex. Luminex assays, especially those involving the use of single
antigen beads (SABs) allow fine specificity definition and allow the strength of the reactions
(MFI) to be used to assess immunological risk and help decide whether or not specificity should
be listed. The cPRA is then calculated by defining a set of unacceptable mismatches for that
recipient, and weighting those mismatches according to the frequency of the antigen in the
donor population. This could be based on the frequency of different HLA antigens in the most
recent 10,000 deceased donors.The cPRA therefore gives a measure of the chances of a patient
finding a compatible donor in the donor pool.

cPRA removes some of the variability between laboratories using different panels and allows
a PRA value to be assigned which reflects the patients’ transplantability.

4. Non-HLA antibodies

Acute and chronic allograft rejection can occur in HLA-identical sibling transplants implicat‐
ing the importance of immune response against non-HLA targets. Non-HLA anti-bodies may
occur as alloantiboides, yet they seem to be predominantly autoantibodies. Antigenic targets
of non-HLA antibodies described thus far include various minor histocom-patibility antigens,
vascular receptors, adhesion molecules, and intermediate filaments. Non-HLA antibodies may
function as complement and non-complement-fixing antibodies and they may induce a wide
variety of allograft injuries, reflecting the complexity of their acute and chronic actions.

4.1. The KIR receptor complex

The adaptive immune response recognises infection through presentation of pathogen-de‐
rived  peptides  in  association  with  MHC  to  the  host  T  cells.  One  of  the  mechanisms
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which pathogens use to evade this immune response is to down regulate their MHC cell
surface  expression.  Natural  Killer  cells  are  able  to  detect  altered  expression  of  MHC
through a number of  cell  surface receptors leading to target  cell  lysis  [19].  These recep‐
tors include the killer immunoglobulin like receptors (KIR), which are also expressed on
some effector T cells. In humans, the KIR gene cluster is located on chromosome 19. KIR
genes  are  both  polygenic  and polymorphic  [20].  The  KIR gene  cluster  codes  for  15  ex‐
pressed KIR genes and 2 pseudo genes.

The ligands for KIR receptors are HLA class I  molecules [21].  These include HLA-C lo‐
cus  antigens  with  either  Asn (Group 1  HLA-C antigens)  or  Lys  (Group 2  HLA-C anti‐
gens)  at  position  80,  the  HLA-Bw4  epitope  and  some  HLA-A  antigens.  KIR  receptors
binding to HLA class I  are either inhibitory or are stimulatory with the overall  effect of
NK cell interaction with the target cell dependent on the balance between these inhibito‐
ry and stimulatory signals. It is thought that the inhibitory KIR’s bind class I with great‐
er  affinity  than  the  corresponding  activating  KIR  with  the  effect  that  under  normal
circumstances the inhibitory signal prevails.  The ‘missing self’  hypothesis holds that NK
cell alloreactivity occurs when the ligand for inhibitory KIR receptors is down regulated
or ‘missing’, leading to activation. This however requires that KIR receptors engage their
cogent  HLA class  I  molecules  during  maturation  to  acquire  effector  function.  NK  cells
that express only inhibitory KIRs for absent HLA class I  molecules are hypo responsive
in the non transplant setting.

Inhibitory KIR receptors possess long cytoplasmic tails with immunoreceptor tyrosine based
inhibitory motifs (ITIMs). Activating KIR receptors have short cytoplasmic tails that pair with
adaptor molecules with immunoreceptor tyrosine based activating motif (ITAMs). The
nomenclature for KIR receptors therefore includes an ‘L’ (long tail) for inhibitory KIR’s and
an ‘S’ (short tail) for activating KIR’s. The nomenclature also includes ‘P’ for pseudo genes.
The inhibitory and activating KIR receptors share sequence and structural similarities in their
extracellular domains. KIR’s have either 2 or 3 extracellular immunoglobulin domains and this
is reflected in their nomenclature as either ‘2D’ or ‘3D’, giving KIR receptors nomenclature
such as KIR2DL1, KIR2DS2 and KIR3DL1, where the final digit indicates the order in which
the genes were described.

The KIR genes assemble into haplotypes with two haplotypes described, ‘A’ and ‘B’. The ‘A’
haplotype has only one activating KIR (2DS4), while the ‘B’ haplotype has a higher number of
activating KIRs and generally possess more KIRs than the ‘A’ haplotype.

4.2. MICA/B

The major histocompatibility complex class I related chain was first described in the 1990’s [22].
The genes are located centromeric to the HLA class I B gene. The only two MIC genes which
are expressed are MICA and MICB. MICA and MICB share a significant amount of sequence
homology with HLA class I and have some similarity in their conformation. MICA and MICB
antigens have α1, 2 and 3 domains like classical HLA antigens but do not associate with β2
microglobulin and do not bind peptide for presentation to T cells. Instead, MIC antigens serve
as ligands for the NKG2D receptor on NK cells and on some T cells.
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probes, which are complementary for DNA sequences, characteristic for certain HLA antigens.
These probes will then “type” for the presence of specific DNA sequences of HLA genes.

3.5. Panel Reactive Antibodies (PRA)

PRA has been used to measure patient HLA sensitisation ever since pre-formed donor specific
HLA antibodies were associated with hyperacute rejection in renal transplantation in the
1960’s [17]. As traditionally defined, PRA refers to the percentage of an antibody screening
panel with which the patient’s serum reacts. A kidney patient with a PRA > 85% is considered
highly sensitised. This measure of PRA however relies on the composition of the panel which
may not necessarily reflect the antigen frequencies in the donor population. This measure of
PRA is not therefore a good reflection of the chances of the patient finding a compatible donor.
Variations in cell panels, both commercial and in house, result in wide variations in recorded
PRA for patients on the waiting list.

The calculated PRA (cPRA) was introduced to overcome this problem [18]. The cPRA can be
calculated in a number of different ways, but relies on the identification of a potential recipi‐
ent’s anti-HLA antibody profile. This has been made much easier by the wide adoption of solid
phase assays such as Luminex. Luminex assays, especially those involving the use of single
antigen beads (SABs) allow fine specificity definition and allow the strength of the reactions
(MFI) to be used to assess immunological risk and help decide whether or not specificity should
be listed. The cPRA is then calculated by defining a set of unacceptable mismatches for that
recipient, and weighting those mismatches according to the frequency of the antigen in the
donor population. This could be based on the frequency of different HLA antigens in the most
recent 10,000 deceased donors.The cPRA therefore gives a measure of the chances of a patient
finding a compatible donor in the donor pool.

cPRA removes some of the variability between laboratories using different panels and allows
a PRA value to be assigned which reflects the patients’ transplantability.

4. Non-HLA antibodies

Acute and chronic allograft rejection can occur in HLA-identical sibling transplants implicat‐
ing the importance of immune response against non-HLA targets. Non-HLA anti-bodies may
occur as alloantiboides, yet they seem to be predominantly autoantibodies. Antigenic targets
of non-HLA antibodies described thus far include various minor histocom-patibility antigens,
vascular receptors, adhesion molecules, and intermediate filaments. Non-HLA antibodies may
function as complement and non-complement-fixing antibodies and they may induce a wide
variety of allograft injuries, reflecting the complexity of their acute and chronic actions.

4.1. The KIR receptor complex

The adaptive immune response recognises infection through presentation of pathogen-de‐
rived  peptides  in  association  with  MHC  to  the  host  T  cells.  One  of  the  mechanisms

Current Issues and Future Direction in Kidney Transplantation378

which pathogens use to evade this immune response is to down regulate their MHC cell
surface  expression.  Natural  Killer  cells  are  able  to  detect  altered  expression  of  MHC
through a number of  cell  surface receptors leading to target  cell  lysis  [19].  These recep‐
tors include the killer immunoglobulin like receptors (KIR), which are also expressed on
some effector T cells. In humans, the KIR gene cluster is located on chromosome 19. KIR
genes  are  both  polygenic  and polymorphic  [20].  The  KIR gene  cluster  codes  for  15  ex‐
pressed KIR genes and 2 pseudo genes.

The ligands for KIR receptors are HLA class I  molecules [21].  These include HLA-C lo‐
cus  antigens  with  either  Asn (Group 1  HLA-C antigens)  or  Lys  (Group 2  HLA-C anti‐
gens)  at  position  80,  the  HLA-Bw4  epitope  and  some  HLA-A  antigens.  KIR  receptors
binding to HLA class I  are either inhibitory or are stimulatory with the overall  effect of
NK cell interaction with the target cell dependent on the balance between these inhibito‐
ry and stimulatory signals. It is thought that the inhibitory KIR’s bind class I with great‐
er  affinity  than  the  corresponding  activating  KIR  with  the  effect  that  under  normal
circumstances the inhibitory signal prevails.  The ‘missing self’  hypothesis holds that NK
cell alloreactivity occurs when the ligand for inhibitory KIR receptors is down regulated
or ‘missing’, leading to activation. This however requires that KIR receptors engage their
cogent  HLA class  I  molecules  during  maturation  to  acquire  effector  function.  NK  cells
that express only inhibitory KIRs for absent HLA class I  molecules are hypo responsive
in the non transplant setting.

Inhibitory KIR receptors possess long cytoplasmic tails with immunoreceptor tyrosine based
inhibitory motifs (ITIMs). Activating KIR receptors have short cytoplasmic tails that pair with
adaptor molecules with immunoreceptor tyrosine based activating motif (ITAMs). The
nomenclature for KIR receptors therefore includes an ‘L’ (long tail) for inhibitory KIR’s and
an ‘S’ (short tail) for activating KIR’s. The nomenclature also includes ‘P’ for pseudo genes.
The inhibitory and activating KIR receptors share sequence and structural similarities in their
extracellular domains. KIR’s have either 2 or 3 extracellular immunoglobulin domains and this
is reflected in their nomenclature as either ‘2D’ or ‘3D’, giving KIR receptors nomenclature
such as KIR2DL1, KIR2DS2 and KIR3DL1, where the final digit indicates the order in which
the genes were described.

The KIR genes assemble into haplotypes with two haplotypes described, ‘A’ and ‘B’. The ‘A’
haplotype has only one activating KIR (2DS4), while the ‘B’ haplotype has a higher number of
activating KIRs and generally possess more KIRs than the ‘A’ haplotype.

4.2. MICA/B

The major histocompatibility complex class I related chain was first described in the 1990’s [22].
The genes are located centromeric to the HLA class I B gene. The only two MIC genes which
are expressed are MICA and MICB. MICA and MICB share a significant amount of sequence
homology with HLA class I and have some similarity in their conformation. MICA and MICB
antigens have α1, 2 and 3 domains like classical HLA antigens but do not associate with β2
microglobulin and do not bind peptide for presentation to T cells. Instead, MIC antigens serve
as ligands for the NKG2D receptor on NK cells and on some T cells.
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MICA and MICB genes  are  polymorphic  but  not  as  much as  the  classical  HLA class  I
genes. Over 70 MICA alleles and over 30 MICB alleles have been described [23].  Unlike
HLA class I where the polymorphic residues are located mainly in the region that forms
the peptide binding groove, polymorphism in MIC is more dispersed throughout the α2
and α3 domains. There is also polymorphism in the trans-membrane region. Many MIC
antigens  have  the  same  extracellular  domains  with  the  only  differences  lying  in  the
trans-membrane regions.

MICA and MICB antigens are constitutively expressed on epithelial cells, especially those of
the gastrointestinal tract and on fibroblasts, monocytes, dendritic cells and on endothelial cells.
They are not constitutively expressed on lymphocytes. They are however up regulated in
stressed cells.

The structure of  MICA is  similar to that  of  HLA class I  but has some striking differen‐
ces. Like HLA class I,  MICA has three extracellular domains (α1, 2 and 3),  a transmem‐
brane region and a cytoplasmic domain. Unlike HLA class I, the MICA protein does not
associate  with  β2  microglobulin.  The  MICA α1  and 2  domains  form a  platform that  is
analogous to the platform formed by HLA class I α1 and 2 domains. In HLA class I, this
platform forms the peptide binding groove.  The MICA molecule however has extensive
disordering of  sections of  the alpha helix  in the α2 domain resulting in a  very shallow
groove, incapable of binding peptide. The MICA α1 and 2 platform domains do not in‐
teract with the α3 domain except for being linked together through a short linker chain.
This allows for some flexibility in the structure.

The NKG2D receptor forms a complex with MICA by binding orthogonal to the alpha helices
of the platform α1 and 2 domains.

4.3. Minor histocompatibility antigens

HLA presents  the major  genetic  barrier  to  stem cell  transplantation.  However,  evidence
that  other  genetic  systems  are  involved  includes  GvHD  and  some  degree  of  rejection
even  when  transplanting  with  HLA  identical  siblings.  A  non  HLA  system  which  is
thought to contribute to this is  the minor histocompatibility antigen (mHA) system. Mi‐
nor  histocompatibility  antigens  comprise  of  peptides  derived  from  proteins  in  which
some degree of  polymorphism exists such there may be differences between the patient
and donor repertoires.  These peptides  can be presented to the immune system by both
HLA class I and II antigens.

The best characterised minor antigens are the Y chromosome derived HY peptide and the
autosomal HA1 to HA5 peptides. Minor histocompatibility antigens such as HA1 and HA2
have restricted tissue distribution and are present normally only on haematopoietic cells.
Others such as HY are more ubiquitously distributed, expressed for instance on gut epithelium.
HA1 and HA2 are expressed on leukaemic cells and some tumour cells, making them potential
targets for cellular therapy. Minor HLA antigens are restricted by certain HLA types such as
HLA-A2 for instance.
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5. Cross-matching techniques

Crossmatching was developed in an attempt to identify recipients who are likely to de‐
velop acute  vascular  rejection of  a  graft  from a  given donor.  This  phenomenon,  hyper‐
acute rejection (HAR) [24], is a result of preformed antibodies against the donor; referred
to as donor-specific antibodies (DSA). Such antibodies are usually formed as the result of
previous exposure to HLA, generally  through pregnancy,  blood transfusion or  previous
transplantation [25]. There are other debated forms of developing anti-HLA Abs such as
via microbial exposure but the above three are thought to be the most prevalent. Particu‐
larly relevant is the exposure of women during pregnancy, to their partner’s HLA. This
commonly results  in  direct  sensitization against  the  partner,  potentially  making him an
unsuitable  living donor.  HAR may also occur  in  blood group incompatible  transplanta‐
tion or rarely as a result of other non-HLA antibodies.

Preformed antibodies cause rejection by binding to HLA antigens expressed on the endothe‐
lium of vessels in the transplanted kidney, resulting in activation of the complement cascade
with resultant thrombosis and infarction of the graft. HAR can occur immediately upon
reperfusion of the donor kidney. This catastrophic outcome necessitates the immediate
removal of the graft. Clearly avoiding HAR is desirable and crossmatching helps predict and
hence prevent this [17].

There are different types of crossmatch tests available.

5.1. Complement-Dependent Cytotoxicity (CDC) crossmatch

A CDC crossmatch involves placing recipient serum (potentially containing donor-specific
anti-HLA antibodies) onto donor lymphocytes (containing HLA antigens). A cytotoxic
reaction (deemed ‘positive’) suggests the presence of preformed DSA.

CDC crossmatching was pioneered by Terasaki and colleagues in the 1960s [13, 17]. It identifies
clinically significant donor specific HLA antibody mediated responses for a given recipient.
Lymphocytes from the donor are isolated and separated into T and B cells. Serum from the
recipient is mixed with the lymphocytes in a multi-well plate. Complement is then added
(usually derived from rabbit serum). If donor-specific antibody is present and binds to donor
cells, the complement cascade will be activated via the classical pathway resulting in lysis of
the lymphocytes.

The read-out of the test is the percentage of dead cells relative to live cells as determined by
microscopy. The result can thus be scored on the percentage of dead cells, with 0 correlating
to no dead cells; scores of 2, 4 and 6 represent increasing levels of lysis. On this basis, a score
of 2 is positive at a low level, consistent with approximately 20% lysis (generally taken as the
cut-off for a positive result). A score of 8 represents all cells having lysed and indicates the
strongest possible reaction. The use of a scoring system allows a semi-quantitative analysis of
the strength of reaction. Another way to determine the strength of the reaction is to repeat the
crossmatch using serial doubling dilutions of the recipient serum (often known as a ‘titred
crossmatch’). In this way, dilutions are usually performed to 1 in 2, 4, 8, 16, 32, 64 and so on.
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to as donor-specific antibodies (DSA). Such antibodies are usually formed as the result of
previous exposure to HLA, generally  through pregnancy,  blood transfusion or  previous
transplantation [25]. There are other debated forms of developing anti-HLA Abs such as
via microbial exposure but the above three are thought to be the most prevalent. Particu‐
larly relevant is the exposure of women during pregnancy, to their partner’s HLA. This
commonly results  in  direct  sensitization against  the  partner,  potentially  making him an
unsuitable  living donor.  HAR may also occur  in  blood group incompatible  transplanta‐
tion or rarely as a result of other non-HLA antibodies.

Preformed antibodies cause rejection by binding to HLA antigens expressed on the endothe‐
lium of vessels in the transplanted kidney, resulting in activation of the complement cascade
with resultant thrombosis and infarction of the graft. HAR can occur immediately upon
reperfusion of the donor kidney. This catastrophic outcome necessitates the immediate
removal of the graft. Clearly avoiding HAR is desirable and crossmatching helps predict and
hence prevent this [17].

There are different types of crossmatch tests available.

5.1. Complement-Dependent Cytotoxicity (CDC) crossmatch

A CDC crossmatch involves placing recipient serum (potentially containing donor-specific
anti-HLA antibodies) onto donor lymphocytes (containing HLA antigens). A cytotoxic
reaction (deemed ‘positive’) suggests the presence of preformed DSA.

CDC crossmatching was pioneered by Terasaki and colleagues in the 1960s [13, 17]. It identifies
clinically significant donor specific HLA antibody mediated responses for a given recipient.
Lymphocytes from the donor are isolated and separated into T and B cells. Serum from the
recipient is mixed with the lymphocytes in a multi-well plate. Complement is then added
(usually derived from rabbit serum). If donor-specific antibody is present and binds to donor
cells, the complement cascade will be activated via the classical pathway resulting in lysis of
the lymphocytes.

The read-out of the test is the percentage of dead cells relative to live cells as determined by
microscopy. The result can thus be scored on the percentage of dead cells, with 0 correlating
to no dead cells; scores of 2, 4 and 6 represent increasing levels of lysis. On this basis, a score
of 2 is positive at a low level, consistent with approximately 20% lysis (generally taken as the
cut-off for a positive result). A score of 8 represents all cells having lysed and indicates the
strongest possible reaction. The use of a scoring system allows a semi-quantitative analysis of
the strength of reaction. Another way to determine the strength of the reaction is to repeat the
crossmatch using serial doubling dilutions of the recipient serum (often known as a ‘titred
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In the situation of a high titre of high avidity DSA it may be that many dilutions are required
for the test to become negative (e.g. 1 in 128). With antibody at a low level or one with a low
affinity, a single dilution may be enough to render the crossmatch result negative. This may
also give an indication as to the likelihood that a negative crossmatch could be achieved with
a desensitization protocol.

The basic CDC crossmatch can be enhanced by the addition of antihuman globulin (AHG).
This technique increases the sensitivity of the CDC crossmatch as a result of multiple AHG
molecules binding to each DSA attached to thedonor cells thereby amplifying the total number
of Fc receptors available for interaction with complement component 1, which increases the
likelihood of complement activation and cell lysis.

It is also possible to have a negative crossmatch in the presence of a DSA and this can happen
in the following conditions:

1. antibody titre is too low to cause complement activation

2. antibody is of a type that does not activate complement and

3. antigen for which the antibody is specific is expressed only at very low levels on the
donor’s lymphocytes.

A further consideration relates to variations in antibody levels in a given individual’s serum
samples, collected at different times. The most reactive serum is generally called the ‘peak
serum’. This may have been collected several years earlier, with the ‘current serum’ showing
quite different reactivity. As an example, the peak serum may show a clear positive CDC
crossmatch result, but as the antibody levels have fallen in subsequent sera, so too may the
degree of cell lysis in the assay. This may render the CDC crossmatch negative. Nevertheless,
the antibodies found in the peak sera may still be of relevance, indicating that re-exposure to
the relevant antigen could initiate a memory response with the risk of early and aggressive
rejection. For this reason, patients on transplant waiting lists have sera collected at frequent
intervals; variations can be monitored and newly appearing HLA antibodies can be detected.

There are important differences in HLA expression between T and B cells, which influence the
interpretation of the crossmatch. T cells do not constitutively express HLA class II so the result
of a T-cell crossmatch generally reflects antibodies to HLA class I only. B cells on the other
hand express both HLA class I and II, as well as a larger range of surface markers, icluding Fc
receptors. Because of this, a positive B-cell crossmatch is more difficult to interpret than a
positive T-cell cross match. It may be due to antibodies directed against HLA class I or II or
both, or it may be due to antibody binding to other sites, that may or may not be clinically
important. Hence, if the T- and B-cell crossmatches are positive the interpretation is that there
may be either single or multiple HLA class I DSA/s or a mixture of HLA class I and II DSA.
While a negative T-cell crossmatch in the setting of a positive B-cell crossmatch suggests either
there may be one or more class II DSA/s but no class I antibodies or that there is a low-level
DSA to a class I antigen with greater lysis of B cells relative to T cells. This is often due to the
fact that B cells express higher levels of HLA class I than do T cells [26]. When class I comple‐
ment fixing HLA DSA are present at a significant level one would expect both the T and B-cell
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crossmatches to be positive. A negative B-cell crossmatch in the presence of a positive T-cell
crossmatch therefore suggests a technical error. This is not unusual as B cells tend to be less
resilient than T cells and their viability can often be a concern in the assays.

5.2. Positive T-cell CDC crossmatch

Transplanting in the setting of a positive T-cell crossmatch, which is not due to an autoanti‐
body, is likely to generate a very poor outcome. Patel and Terasaki described the outcomes of
30 such transplants [17]. Twenty four (24) patients lost their grafts immediately to HAR while
another three lost their grafts within 3 months. It is not clear why the other three patients had
less severe reactions but it may relate to false positive crossmatches generated by autoanti‐
bodies given that dithiothreitol (DTT) which cleaves the multimers of IgM antibodies was not
used in their assays. Other possibilities include false positive tests or lower immunogenicity
of the antibodies or antigens in those cases.

A recent study investigated whether IVIg or plasma exchange was more effective at desensi‐
tizing crossmatchpositive recipients so that they might be crossmatch-negative at the time of
transplant [27]. While most patients were successfully desensitized there was a group of 10
patients who did not achieve a negative crossmatch but were still transplanted. Of this group
70% developed AMR with 50% losing their grafts. Given this data, even after reducing the
antibody titre with a desensitization protocol before transplant, a persistent positive T-cell
crossmatch remains an absolute contraindication to transplantation.

5.3. Positive B-cell CDC crossmatch

B-cell CDC crossmatching is not as predictive of HAR as the T-cell CDC crossmatch and there
has been much controversy about its role [28]. Many centres do not perform B-cell cross‐
matching for cadaveric renal transplantation because of uncertainty about the significance of
a positive result. The major limitation is a rate of false positive results of up to 50% [29]. In
some cases this reactivity may be due to non-HLA molecules on the surface of the B lympho‐
cytes, including the presence of Fc receptors. While a negative result is reassuring a positive
result may mean a transplant is cancelled when it was safe to proceed. Another argument
against the routine use of B-cell crossmatching is that antibodies to class II antigens are of less
significance in generating antibody-mediated rejection. But recently it has been found that they
are not so benign [30].

B-cell  crossmatches  are  often  performed  as  part  of  the  immunologic  assessment  before
live donor transplantation when there is  more time to determine the significance of  the
result.  Paired with information about the presence of DSA, determined by more specific
means  such  as  antigen-coated  beads  (Luminex,  discussed  below)  the  B-cell  CDC cross‐
match results  may be more meaningful [31].  If  a  B-cell  crossmatch is  positive and there
are  no  detectable  antibodies  to  class  I  or  II  antigens,  the  result  may be  falsely  positive
while  a  positive  result  in  the  presence  of  detectable  DSA  signifies  that  the  identified
DSA may be functionally relevant in that it  can activate complement and were associat‐
ed  with  increased  risk  of  rejection  [32].  This  has  led  to  the  suggestion  that  the  B-cell
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In the situation of a high titre of high avidity DSA it may be that many dilutions are required
for the test to become negative (e.g. 1 in 128). With antibody at a low level or one with a low
affinity, a single dilution may be enough to render the crossmatch result negative. This may
also give an indication as to the likelihood that a negative crossmatch could be achieved with
a desensitization protocol.

The basic CDC crossmatch can be enhanced by the addition of antihuman globulin (AHG).
This technique increases the sensitivity of the CDC crossmatch as a result of multiple AHG
molecules binding to each DSA attached to thedonor cells thereby amplifying the total number
of Fc receptors available for interaction with complement component 1, which increases the
likelihood of complement activation and cell lysis.

It is also possible to have a negative crossmatch in the presence of a DSA and this can happen
in the following conditions:

1. antibody titre is too low to cause complement activation

2. antibody is of a type that does not activate complement and

3. antigen for which the antibody is specific is expressed only at very low levels on the
donor’s lymphocytes.

A further consideration relates to variations in antibody levels in a given individual’s serum
samples, collected at different times. The most reactive serum is generally called the ‘peak
serum’. This may have been collected several years earlier, with the ‘current serum’ showing
quite different reactivity. As an example, the peak serum may show a clear positive CDC
crossmatch result, but as the antibody levels have fallen in subsequent sera, so too may the
degree of cell lysis in the assay. This may render the CDC crossmatch negative. Nevertheless,
the antibodies found in the peak sera may still be of relevance, indicating that re-exposure to
the relevant antigen could initiate a memory response with the risk of early and aggressive
rejection. For this reason, patients on transplant waiting lists have sera collected at frequent
intervals; variations can be monitored and newly appearing HLA antibodies can be detected.

There are important differences in HLA expression between T and B cells, which influence the
interpretation of the crossmatch. T cells do not constitutively express HLA class II so the result
of a T-cell crossmatch generally reflects antibodies to HLA class I only. B cells on the other
hand express both HLA class I and II, as well as a larger range of surface markers, icluding Fc
receptors. Because of this, a positive B-cell crossmatch is more difficult to interpret than a
positive T-cell cross match. It may be due to antibodies directed against HLA class I or II or
both, or it may be due to antibody binding to other sites, that may or may not be clinically
important. Hence, if the T- and B-cell crossmatches are positive the interpretation is that there
may be either single or multiple HLA class I DSA/s or a mixture of HLA class I and II DSA.
While a negative T-cell crossmatch in the setting of a positive B-cell crossmatch suggests either
there may be one or more class II DSA/s but no class I antibodies or that there is a low-level
DSA to a class I antigen with greater lysis of B cells relative to T cells. This is often due to the
fact that B cells express higher levels of HLA class I than do T cells [26]. When class I comple‐
ment fixing HLA DSA are present at a significant level one would expect both the T and B-cell
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crossmatches to be positive. A negative B-cell crossmatch in the presence of a positive T-cell
crossmatch therefore suggests a technical error. This is not unusual as B cells tend to be less
resilient than T cells and their viability can often be a concern in the assays.

5.2. Positive T-cell CDC crossmatch

Transplanting in the setting of a positive T-cell crossmatch, which is not due to an autoanti‐
body, is likely to generate a very poor outcome. Patel and Terasaki described the outcomes of
30 such transplants [17]. Twenty four (24) patients lost their grafts immediately to HAR while
another three lost their grafts within 3 months. It is not clear why the other three patients had
less severe reactions but it may relate to false positive crossmatches generated by autoanti‐
bodies given that dithiothreitol (DTT) which cleaves the multimers of IgM antibodies was not
used in their assays. Other possibilities include false positive tests or lower immunogenicity
of the antibodies or antigens in those cases.

A recent study investigated whether IVIg or plasma exchange was more effective at desensi‐
tizing crossmatchpositive recipients so that they might be crossmatch-negative at the time of
transplant [27]. While most patients were successfully desensitized there was a group of 10
patients who did not achieve a negative crossmatch but were still transplanted. Of this group
70% developed AMR with 50% losing their grafts. Given this data, even after reducing the
antibody titre with a desensitization protocol before transplant, a persistent positive T-cell
crossmatch remains an absolute contraindication to transplantation.

5.3. Positive B-cell CDC crossmatch

B-cell CDC crossmatching is not as predictive of HAR as the T-cell CDC crossmatch and there
has been much controversy about its role [28]. Many centres do not perform B-cell cross‐
matching for cadaveric renal transplantation because of uncertainty about the significance of
a positive result. The major limitation is a rate of false positive results of up to 50% [29]. In
some cases this reactivity may be due to non-HLA molecules on the surface of the B lympho‐
cytes, including the presence of Fc receptors. While a negative result is reassuring a positive
result may mean a transplant is cancelled when it was safe to proceed. Another argument
against the routine use of B-cell crossmatching is that antibodies to class II antigens are of less
significance in generating antibody-mediated rejection. But recently it has been found that they
are not so benign [30].

B-cell  crossmatches  are  often  performed  as  part  of  the  immunologic  assessment  before
live donor transplantation when there is  more time to determine the significance of  the
result.  Paired with information about the presence of DSA, determined by more specific
means  such  as  antigen-coated  beads  (Luminex,  discussed  below)  the  B-cell  CDC cross‐
match results  may be more meaningful [31].  If  a  B-cell  crossmatch is  positive and there
are  no  detectable  antibodies  to  class  I  or  II  antigens,  the  result  may be  falsely  positive
while  a  positive  result  in  the  presence  of  detectable  DSA  signifies  that  the  identified
DSA may be functionally relevant in that it  can activate complement and were associat‐
ed  with  increased  risk  of  rejection  [32].  This  has  led  to  the  suggestion  that  the  B-cell
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CDC crossmatch should not be used alone to determine transplant suitability and that it
be interpreted only in the light of accompanying Luminex results [31].

5.4. The flow crossmatching technique

A flow crossmatch involves adding recipient’s serum to donor lymphocytes and then incu‐
bating them with fluorescein-labelled antibodies against human IgG (antihuman IgG fluores‐
cein isothicyanate [FITC]). This fluorescein-labelled antibody will bind to all the IgG antibodies
in the recipient serum. If a DSA in this serum then binds to the donor lymphocytes, it will be
detectable by flow cytometry.

Flow crossmatching is performed using the same initial base ingredients as CDC crossmatch‐
ing (i.e. donor lymphocytes and recipient serum) and was first described in 1983 [33]. The two
are mixed to allow antibody binding and after washing, fluoresceinated AHG is added to bind
attached DSA and hence allow detection by flow cytometry. The read-out may be reported
simply as positive or negative or can be further quantitated. Intensity of fluorescence above
control, referred to as channel shifts, may be reported while another means of quantitation is
to determine the number of dilutions of recipient serum required to generate a negative result.

The subtype of antibody can also be determined by the isotype specificity of the fluorescently
labelled detection antibody. Hence if only IgG antibodies are of interest the detection antibody
chosen will be of the type that binds only to IgG and not IgM or IgA [34]. Furthermore the
subtype of IgG can be elucidated by choosing a detection antibody that binds only to IgG1, 2,
3 or 4. Refining the analysis in this way provides information about the likelihood of comple‐
ment activation in vivo as IgG4 does not activate complement.

The role of flow crossmatching in the pre-transplant assessment is controversial. The signifi‐
cance of a positive result is mainly of interest when the CDC crossmatch is negative. In this
setting the positive flow crossmatch is likely to be caused by a non-complement fixing
antibody, a non-HLA antibody or a low-level antibody that is below the threshold of sensitivity
of the CDC methodology. In patients who are not known to be sensitized several studies have
suggested that a positive T- or B-cell flow crossmatch was not predictive of increased rejection
rates or worse graft survival while in sensitized patients other studies have suggested inferior
graft survival [30, 34-39]. A possible reason for this difference is that there would be a higher
false positive rate in non-sensitized patients than in sensitized patients given that they are not
expected to have a positive result. Another factor determining the significance of the result is
the cut-off values used to determine a positive test [34]. These are not applied uniformly
between centres and those that apply a very low cut-off value will increase sensitivity at the
expense of specificity.

Some transplant clinicians do not use flow crossmatching as part of their pre-transplant
assessment and rely on CDC crossmatching along with defining DSA by Luminex, otherwise
known as ‘virtual crossmatching’. Others contend that flow crossmatching adds important
information on the strength of donor-specific antibody reactivity and should be considered in
the context of donor-specific antibody results and CDC crossmatching to help develop an
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overall opinion on the likelihood of immune complications. The area remains controversial
and no clear recommendation can be made at this time.

5.5. Virtual crossmatching

Virtual crossmatching refers to the comparison of the anti- HLA antibodies of the recipi‐
ent,  derived from Luminex,  with  the  HLA of  the  donor  [40].  If  there  is  a  DSA present
this  would represent  a  positive virtual  crossmatch.  Antibodies  are defined against  HLA
class  I  and  II  antigens.  Synthetic  microspheres  (beads)  coated  with  HLA  antigens  are
commercially available for this testing. Beads may be coated with multiple HLA antigens
for  screening  purposes  or  a  single  HLA  antigen  for  defining  specificity  of  antibodies
more  precisely.  For  the  virtual  crossmatch,  multiple  beads  each  coated  with  a  single
HLA antigen are  mixed with recipient  serum. Anti-HLA antibodies  present  bind to  the
beads and are detected by an isotype-specific  (e.g.  IgG) detection antibody via flow cy‐
tometry.  Unique  fluorochromes  within  the  beads  mark  the  HLA  antigen  specificity  of
each bead. This technique is as sensitive as flow crossmatching and provides the specific‐
ity of the antibody [41].

It has long been established that the presence of antibodies that react with human leucocytes
portend worse long-term graft survival [42]. This information has been further refined by more
sensitive antibody detection systems, particularly Luminex. It has been shown that recipients
with DSA have worse graft survival than those with third party anti-HLA Abs (antibodies
against HLA antigens that are not donor-specific) who in turn have reduced graft survival
compared with recipients without any anti-HLA antibodies [43]. Therefore, the presence of a
DSA suggests inferior graft survival compared with no DSA even in the presence of a negative
CDC crossmatch [44].

Luminex testing offers significant advantages over CDC and flow crossmatch in terms of
defining the HLA specificity of identified antibodies. The presence of a DSA detected by
Luminex in the setting of a negative or positive CDC crossmatch appears to have prognostic
importance in terms of graft survival and acute rejection risk; however, there are insufficient
data to determine the significance of a DSA with a negative flow crossmatch [40, 44-46].

In each assay, negative control beads provide a minimum threshold for a positive result.
Positive results can then be graded as weak, moderate or strong on the basis of the de‐
gree of fluorescence of the positive bead. This result can be scored as a median fluores‐
cence  index  (MFI)  or  molecules  of  equivalent  soluble  fluorescence.  The  molecules  of
equivalent soluble fluorescence of a DSA have been shown to correlate with antibody ti‐
tre and predict graft failure [47].

While Luminex testing has added significantly to the understanding of crossmatching, the
methodology has some significant limitations that can make interpretation difficult. Limita‐
tions include possible interference by IgM antibodies, variable antigen density on beads,
conformational changes to antibodies in the process of binding to the beads, and gaps in the
HLA antibody repertoire in bead sets. [45, 48, 49].
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CDC crossmatch should not be used alone to determine transplant suitability and that it
be interpreted only in the light of accompanying Luminex results [31].

5.4. The flow crossmatching technique

A flow crossmatch involves adding recipient’s serum to donor lymphocytes and then incu‐
bating them with fluorescein-labelled antibodies against human IgG (antihuman IgG fluores‐
cein isothicyanate [FITC]). This fluorescein-labelled antibody will bind to all the IgG antibodies
in the recipient serum. If a DSA in this serum then binds to the donor lymphocytes, it will be
detectable by flow cytometry.

Flow crossmatching is performed using the same initial base ingredients as CDC crossmatch‐
ing (i.e. donor lymphocytes and recipient serum) and was first described in 1983 [33]. The two
are mixed to allow antibody binding and after washing, fluoresceinated AHG is added to bind
attached DSA and hence allow detection by flow cytometry. The read-out may be reported
simply as positive or negative or can be further quantitated. Intensity of fluorescence above
control, referred to as channel shifts, may be reported while another means of quantitation is
to determine the number of dilutions of recipient serum required to generate a negative result.

The subtype of antibody can also be determined by the isotype specificity of the fluorescently
labelled detection antibody. Hence if only IgG antibodies are of interest the detection antibody
chosen will be of the type that binds only to IgG and not IgM or IgA [34]. Furthermore the
subtype of IgG can be elucidated by choosing a detection antibody that binds only to IgG1, 2,
3 or 4. Refining the analysis in this way provides information about the likelihood of comple‐
ment activation in vivo as IgG4 does not activate complement.

The role of flow crossmatching in the pre-transplant assessment is controversial. The signifi‐
cance of a positive result is mainly of interest when the CDC crossmatch is negative. In this
setting the positive flow crossmatch is likely to be caused by a non-complement fixing
antibody, a non-HLA antibody or a low-level antibody that is below the threshold of sensitivity
of the CDC methodology. In patients who are not known to be sensitized several studies have
suggested that a positive T- or B-cell flow crossmatch was not predictive of increased rejection
rates or worse graft survival while in sensitized patients other studies have suggested inferior
graft survival [30, 34-39]. A possible reason for this difference is that there would be a higher
false positive rate in non-sensitized patients than in sensitized patients given that they are not
expected to have a positive result. Another factor determining the significance of the result is
the cut-off values used to determine a positive test [34]. These are not applied uniformly
between centres and those that apply a very low cut-off value will increase sensitivity at the
expense of specificity.

Some transplant clinicians do not use flow crossmatching as part of their pre-transplant
assessment and rely on CDC crossmatching along with defining DSA by Luminex, otherwise
known as ‘virtual crossmatching’. Others contend that flow crossmatching adds important
information on the strength of donor-specific antibody reactivity and should be considered in
the context of donor-specific antibody results and CDC crossmatching to help develop an
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overall opinion on the likelihood of immune complications. The area remains controversial
and no clear recommendation can be made at this time.

5.5. Virtual crossmatching

Virtual crossmatching refers to the comparison of the anti- HLA antibodies of the recipi‐
ent,  derived from Luminex,  with  the  HLA of  the  donor  [40].  If  there  is  a  DSA present
this  would represent  a  positive virtual  crossmatch.  Antibodies  are defined against  HLA
class  I  and  II  antigens.  Synthetic  microspheres  (beads)  coated  with  HLA  antigens  are
commercially available for this testing. Beads may be coated with multiple HLA antigens
for  screening  purposes  or  a  single  HLA  antigen  for  defining  specificity  of  antibodies
more  precisely.  For  the  virtual  crossmatch,  multiple  beads  each  coated  with  a  single
HLA antigen are  mixed with recipient  serum. Anti-HLA antibodies  present  bind to  the
beads and are detected by an isotype-specific  (e.g.  IgG) detection antibody via flow cy‐
tometry.  Unique  fluorochromes  within  the  beads  mark  the  HLA  antigen  specificity  of
each bead. This technique is as sensitive as flow crossmatching and provides the specific‐
ity of the antibody [41].

It has long been established that the presence of antibodies that react with human leucocytes
portend worse long-term graft survival [42]. This information has been further refined by more
sensitive antibody detection systems, particularly Luminex. It has been shown that recipients
with DSA have worse graft survival than those with third party anti-HLA Abs (antibodies
against HLA antigens that are not donor-specific) who in turn have reduced graft survival
compared with recipients without any anti-HLA antibodies [43]. Therefore, the presence of a
DSA suggests inferior graft survival compared with no DSA even in the presence of a negative
CDC crossmatch [44].

Luminex testing offers significant advantages over CDC and flow crossmatch in terms of
defining the HLA specificity of identified antibodies. The presence of a DSA detected by
Luminex in the setting of a negative or positive CDC crossmatch appears to have prognostic
importance in terms of graft survival and acute rejection risk; however, there are insufficient
data to determine the significance of a DSA with a negative flow crossmatch [40, 44-46].

In each assay, negative control beads provide a minimum threshold for a positive result.
Positive results can then be graded as weak, moderate or strong on the basis of the de‐
gree of fluorescence of the positive bead. This result can be scored as a median fluores‐
cence  index  (MFI)  or  molecules  of  equivalent  soluble  fluorescence.  The  molecules  of
equivalent soluble fluorescence of a DSA have been shown to correlate with antibody ti‐
tre and predict graft failure [47].

While Luminex testing has added significantly to the understanding of crossmatching, the
methodology has some significant limitations that can make interpretation difficult. Limita‐
tions include possible interference by IgM antibodies, variable antigen density on beads,
conformational changes to antibodies in the process of binding to the beads, and gaps in the
HLA antibody repertoire in bead sets. [45, 48, 49].
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5.6. Cellular crossmatching

All of the above-mentioned crossmatching techniques attempt to detect a donor-reactive
antibody likely to result in acute or chronic antibody-mediated rejection. The presence of
sensitization of the cellular arm of the immune system, particularly T cells, can be assessed by
cytokine assays such as ELISPOTs. These assays detect the number of recipient T cells
producing cytokines such as interferon gamma when encountering donor antigen presenting
cells. The assays are conducted in plates coated with a capture antibody for the cytokine of
interest. The mixed donor and recipient leucocytes are added to the plate and incubated. After
washing to remove the cells the reaction is developed by adding a second antibody for the
cytokine of interest and then stained for that antibody [50].

6. Conclusion

Understanding of the transplantation antigens and crossmatching is a vital tool in transplant.
Crossmatching plays a key role in assessing immune compatibility between a donor and
recipient. A positive T-cell CDC crossmatch would usually mean that a particular pairing
should not proceed. But in some cases, a desensitization protocol may allow such a transplant
to occur, avoiding hyperacute or early acute rejection. However they have inferior longterm
graft outcomes compared with patients who are not sensitized to their donor. The advent of
flow crossmatching and Luminex assays has allowed the detection of very lower titre, anti-
HLA antibodies of uncertain clinical significance.

CDC crossmatching along with Luminex should be used in determining anti-HLA antibodies.
The role of flow crossmatching is less clear and its help in decision making is unclear. The ideal
future crossmatch will be highly sensitive in identifying DSA and provide accurate prediction
of the functional significance of the antibody. This will hopefully allow differentiation between
transplants that can safely proceed in the face of a clinically irrelevant DSA while providing
clear prognostic information in the setting of more serious antibodies.

Further studies are required to better define the significance of very low-level DSA, non‐
complement fixing antibodies, IgM antibodies and non-HLA antibodies as well as the
importance of assessing T cellular sensitization.
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5.6. Cellular crossmatching

All of the above-mentioned crossmatching techniques attempt to detect a donor-reactive
antibody likely to result in acute or chronic antibody-mediated rejection. The presence of
sensitization of the cellular arm of the immune system, particularly T cells, can be assessed by
cytokine assays such as ELISPOTs. These assays detect the number of recipient T cells
producing cytokines such as interferon gamma when encountering donor antigen presenting
cells. The assays are conducted in plates coated with a capture antibody for the cytokine of
interest. The mixed donor and recipient leucocytes are added to the plate and incubated. After
washing to remove the cells the reaction is developed by adding a second antibody for the
cytokine of interest and then stained for that antibody [50].

6. Conclusion

Understanding of the transplantation antigens and crossmatching is a vital tool in transplant.
Crossmatching plays a key role in assessing immune compatibility between a donor and
recipient. A positive T-cell CDC crossmatch would usually mean that a particular pairing
should not proceed. But in some cases, a desensitization protocol may allow such a transplant
to occur, avoiding hyperacute or early acute rejection. However they have inferior longterm
graft outcomes compared with patients who are not sensitized to their donor. The advent of
flow crossmatching and Luminex assays has allowed the detection of very lower titre, anti-
HLA antibodies of uncertain clinical significance.

CDC crossmatching along with Luminex should be used in determining anti-HLA antibodies.
The role of flow crossmatching is less clear and its help in decision making is unclear. The ideal
future crossmatch will be highly sensitive in identifying DSA and provide accurate prediction
of the functional significance of the antibody. This will hopefully allow differentiation between
transplants that can safely proceed in the face of a clinically irrelevant DSA while providing
clear prognostic information in the setting of more serious antibodies.

Further studies are required to better define the significance of very low-level DSA, non‐
complement fixing antibodies, IgM antibodies and non-HLA antibodies as well as the
importance of assessing T cellular sensitization.
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1. Introduction

Chronic kidney disease represents a public health problem worldwide. The prevalence of
chronic kidney disease lies between 3 to 16% according to different epidemiological studies
[1-5]. This high prevalence is observed in both developed and developing countries [1-5].
Chronic kidney disease is responsible for increased risk of cardiovascular diseases and end-
stage renal failure. In the United States, for instance, the number of patients exhibiting end-
stage renal failure was around 150 000 in 1995, 360 000 in 2003, and is estimated to reach 650
000 in 2015 [6]. This exponential growth of the end-stage renal disease population has relevant
implications for health care systems. The treatment option for these patients is dialysis or
kidney transplantation. The number of end-stage renal failure patients treated by either
dialysis or transplantation was around 209 000 in 1991 and 472 000 in 2004 (data from the US
Renal Data System 2006, reported in [3]). The costs of Medicare for end-stage renal failure
treatment represents 5% of total budget, while it serves only 0.7% of patients [6]. The same
observation is true for Europe with the proportion of the total health care budget dedicated to
the end-stage renal disease population varying from 0.7% in the United Kingdom to 1.8% in
Belgium in 1994, while this population is only 0.022% to 0.04% of the general population,
respectively [6]. In France, the REIN (for Réseau Epidémiologie et Information en Néphrologie)
program, hosted by the Agence de BioMédecine, is dedicated to assess the number of French
patients suffering from end-stage renal failure and how these patients are treated (i.e., dialysis
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or transplantation). In 2009, 33 558 patients were dialyzed. This represents a frequency of 558
per million of inhabitants. At the same time, 29 181 patients received a kidney transplant (510
per million of inhabitants). During the last five years, the number of kidney transplantations
per million of inhabitants in France was around 44. Currently, 8 397 patients with end-stage
renal failure are awaiting transplantation among whom 4 043 are new patients. In 2010, only
2 893 kidney transplantations were performed in France (Agence de BioMédecine, REIN
Annual Report 2010, [7]). Kidney transplantation has emerged as the best option for patients
with end-stage renal failure, providing both a better quality of life and a better survival [8, 9].
Another advantage of renal transplantation over dialysis is its reduced cost. For instance, the
1-year cost per patient on maintenance hemodialysis exceeds US $52 000, whereas it is only a
third (US $18 500) for kidney transplantation [6]. Overall, end-stage renal diseases are
increasing worldwide. This corresponds to important expenses for health care systems that
can be limited by preferentially selected kidney transplantation as therapeutic option.
However, the severe lack of kidney transplant is a major obstacle preventing the full devel‐
opment of transplantation. This limits severely the number of end-stage renal disease patients
who may benefit from this therapy. Moreover, this enforces the medical/scientific community
involved in kidney transplantation to carefully select patients eligible for transplantation and
to limit graft loss.

The use of nonspecific immunosuppressive drugs has significantly reduced the incidence of
acute kidney graft rejection [10]. This led to a significant improvement in the first-year graft
survival rates that are “almost close to perfect”, as mentioned in [11]. However, the benefits
of such immunosuppressive therapies on chronic rejection and overall long-term graft survival
are uncertain [12, 13]. Long term graft survival remains unchanged over decades [13, 14].
Persistent excessive immunosuppression (also called over-immunosuppression) −related to
these immunosuppressive drugs− exposes renal transplant recipients to long-term toxicities
including: increased incidence of cancers, severe infectious complications and/or inflamma‐
tory “metabolic” diseases (for instance, diabetes, and accelerated atherosclerosis leading to
cardiovascular diseases). The three major complications, cardiovascular diseases, infections
and cancers, are reported to be the most common causes of patient death with functional graft.
For instance, a recent study including 1 606 kidney transplant recipients reports that these
three complications represent respectively 24%, 16%, and 12% of death with graft function [15].
Preventing these complications is a way to limit the loss of functional kidney graft and to
ameliorate patient quality of life.

An enhanced risk of cancer after renal transplantation has been observed in the last decades
[16-21], as advances in medicine have extended the life of renal transplant recipients. A meta-
analysis including five studies of cancer risks in organ transplant recipients, involving 31 977
organ transplant recipients −among whom 97% have received a kidney graft− from Denmark,
Finland, Sweden, Australia, and Canada illustrates perfectly the importance of malignancy
occurrence after kidney transplantation. This study shows an increase in the incidence of
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cancers related to viral infections implicating Epstein-Barr virus (EBV), human herpesvirus 8
(HHV8), hepatitis viruses B and C (HBV and HCV), or related to Helicobacter pylori infections
in renal transplant recipients when compared to the general population [16]. Nevertheless,
increased incidence of cancers after transplantation is not restricted to virus-induced cancers,
since other cancers such as kidney cancers, myeloma, leukemia, melanoma as well as bladder
and thyroid cancers are more frequent in transplant recipients than in the general population
[16]. Common epithelial cancers, such as breast and prostate cancers, occur at the same rate as
for the general population [16]. But, despite similar incidence, a more aggressive course have
been noticed in renal transplant recipients [22, 23]. Immunosuppression and its extent directly
influence cancer occurrence after kidney transplantation [20, 24].

The incidence of cardiovascular diseases related to accelerated atherosclerosis associated with
kidney transplantation [8, 25] is at least 3 to 5 times higher than in the general population [8].
Cardiovascular disease is reported to be the most common cause of death with functional graft
ranging from 24% to 55% depending on the considered studies [8, 15, 26, 27]. Risk factors for
cardiovascular diseases in renal transplant recipients are numerous including traditional and
nontraditional factors. The main highly prevalent traditional risk factors of cardiovascular
diseases are the following: tobacco use, physical inactivity, hypertension, diabetes, or
dyslipidemia. Nontraditional cardiovascular risk factors related to a long history of end-stage
renal failure, such as hyper-homocysteinemia, chronic inflammation or anemia, are also
prevalent in renal transplant recipients [8, 15, 26, 28, 29]. Moreover, factors related to
transplantation itself, including immunosuppression or rejection episodes as well as new-
onset diabetes after transplant, impact on cardiovascular disease occurrence after kidney
transplantation [8, 15, 26, 29, 30].

Altogether, it appears that over-immunosuppression is involved in both increased cancer
occurrence and cardiovascular disease incidence observed after kidney transplantation. A
greater understanding of risk factors leading to this excessive immunosuppression may help
physicians in charge of end-stage renal failure patients to determine high-risk recipient profiles
and optimize pre- and post-transplantation treatment strategies. In other words, identification
of biomarkers predictive of immunosuppression-associated complications may improve late
kidney transplantation outcome and patient selection. In this chapter, we will report the efforts
of our laboratory to identify immunological factors that can predict the two main complications
associated with kidney transplantation, namely cancer and accelerated atherosclerosis that
leads to cardiovascular diseases. For many years, we had been focusing on CD4+ T cell
lymphopenia −a consequence of anti-thymocyte globulin (ATG) administration− and T cell
reconstitution after this severe T cell depletion. The analysis was performed on non-invasive
blood samples (i.e., serum and PBMC) from a Caucasian population receiving transplantation
from deceased donors. Persistent CD4+ T cell lymphopenia is a potent biomarker for over-
immunosuppression-associated complications (see below, §2). But, this biomarker is not a
predictive one, and thus, recent works in our laboratory have tried to identify predictive
biomarkers linked to prolonged CD4+ T cell lymphopenia. Pre-transplant thymic function,
assessed by TREC levels, can be such a biomarker (see §4).
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cancers related to viral infections implicating Epstein-Barr virus (EBV), human herpesvirus 8
(HHV8), hepatitis viruses B and C (HBV and HCV), or related to Helicobacter pylori infections
in renal transplant recipients when compared to the general population [16]. Nevertheless,
increased incidence of cancers after transplantation is not restricted to virus-induced cancers,
since other cancers such as kidney cancers, myeloma, leukemia, melanoma as well as bladder
and thyroid cancers are more frequent in transplant recipients than in the general population
[16]. Common epithelial cancers, such as breast and prostate cancers, occur at the same rate as
for the general population [16]. But, despite similar incidence, a more aggressive course have
been noticed in renal transplant recipients [22, 23]. Immunosuppression and its extent directly
influence cancer occurrence after kidney transplantation [20, 24].
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ranging from 24% to 55% depending on the considered studies [8, 15, 26, 27]. Risk factors for
cardiovascular diseases in renal transplant recipients are numerous including traditional and
nontraditional factors. The main highly prevalent traditional risk factors of cardiovascular
diseases are the following: tobacco use, physical inactivity, hypertension, diabetes, or
dyslipidemia. Nontraditional cardiovascular risk factors related to a long history of end-stage
renal failure, such as hyper-homocysteinemia, chronic inflammation or anemia, are also
prevalent in renal transplant recipients [8, 15, 26, 28, 29]. Moreover, factors related to
transplantation itself, including immunosuppression or rejection episodes as well as new-
onset diabetes after transplant, impact on cardiovascular disease occurrence after kidney
transplantation [8, 15, 26, 29, 30].

Altogether, it appears that over-immunosuppression is involved in both increased cancer
occurrence and cardiovascular disease incidence observed after kidney transplantation. A
greater understanding of risk factors leading to this excessive immunosuppression may help
physicians in charge of end-stage renal failure patients to determine high-risk recipient profiles
and optimize pre- and post-transplantation treatment strategies. In other words, identification
of biomarkers predictive of immunosuppression-associated complications may improve late
kidney transplantation outcome and patient selection. In this chapter, we will report the efforts
of our laboratory to identify immunological factors that can predict the two main complications
associated with kidney transplantation, namely cancer and accelerated atherosclerosis that
leads to cardiovascular diseases. For many years, we had been focusing on CD4+ T cell
lymphopenia −a consequence of anti-thymocyte globulin (ATG) administration− and T cell
reconstitution after this severe T cell depletion. The analysis was performed on non-invasive
blood samples (i.e., serum and PBMC) from a Caucasian population receiving transplantation
from deceased donors. Persistent CD4+ T cell lymphopenia is a potent biomarker for over-
immunosuppression-associated complications (see below, §2). But, this biomarker is not a
predictive one, and thus, recent works in our laboratory have tried to identify predictive
biomarkers linked to prolonged CD4+ T cell lymphopenia. Pre-transplant thymic function,
assessed by TREC levels, can be such a biomarker (see §4).
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2. Persistent CD4+ T cell lymphopenia, a biomarker for
immunosuppression-associated complications

The first question to address is when CD4+ T cell lymphopenia is encountered in renal
transplant recipients. CD4+ T cell lymphopenia in renal transplant recipients results mainly
from ATG administration. CD4+ T cell lymphopenia persists for several years in some
transplanted patients [31, 32] despite a limited treatment duration (until 4 days). In addition
to ATG, Campath-1H, a humanized anti-CD52 monoclonal antibody called Alemtuzumab, can
be used as induction immunosuppression causing T cell depletion [33, 34].

Our group previously reported that persistent CD4+ T cell lymphopenia after kidney
transplantation is correlated with enhanced risks of cancers, including: skin cancers [35],
monoclonal gammapathies [36], lymphomas as well as other non skin cancers, such as colon
or lung cancers [37]. This persistent CD4+ T cell depletion is also correlated with the increased
incidence of opportunistic infections [38] and of atherosclerotic events [39]. On the opposite,
CD4+ T cell lymphopenia seems not to be associated with de novo genitourinary malignancies
[40]. Recently, we associated prolonged CD4+ T cell lymphopenia and renal transplant recipient
mortality [41]. The two identified major causes of death in these patients were cancers and
cardiovascular diseases [41]. Same data were observed by others in liver transplant recipients
receiving ATG as induction therapy [42]. Overall, CD4+ T cell lymphopenia represents an
adequate biomarker for over-immunosuppression leading to immunosupression-associated
complications, at least in patients receiving depletion therapy.

However, the limitations of using persistent CD4+ T cell lymphopenia as a biomarker in clinical
setting are the following: not all transplanted patients treated with ATG did develop a
prolonged CD4+ T cell lymphopenia [39, 41, 42] and this is not a predictive biomarker. Indeed,
when a patient exhibits a prolonged CD4+ T cell lymphopenia after ATG, how can physicians
deal with it? Physicians can propose a more frequent clinical follow up in order, for instance,
to detect earlier cancer occurrence. However, it will be difficult to prevent over-
immunosuppression-associated complications. This is why the next step was to identify factors
responsible for this prolonged severe CD4+ T cell lymphopenia allowing us to distinguish
patients that will develop prolonged CD4+ T cell lymphopenia from patients that will not and
to select the adequate immunosuppressive regimen. Indeed, ATG exerts a benefit over
nondepleting induction therapy, especially for sensitized (high panel reactive antibodies, PRA)
transplant patients. This is true not only for early acute graft rejection occurrence, but also for
the preservation of allograft function [43, 44]. However, the ATG benefit is not similar for each
patient [45, 46]. Thus, the choice of a complication risk level could vary according to the
theoretical benefit of ATG. A high benefit of ATG may lead to accept a higher risk, whereas a
slight benefit should lead to prefer a lower risk. Biomarkers, such as prolonged CD4+ T cell
lymphopenia, but rather those allowing us to predict this lymphopenia, may help to select
ATG as an appropriate induction therapy. We imagine that these biomarkers identified in the
setting of ATG can be transposed to other depleting therapies, such as Campath-1H/
Alemtuzumab. Indeed, clinical studies are available regarding the prolonged CD4+ T cell
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lymphopenia induced by Alemtuzumab administration [47], not always in the context of
kidney transplantation [48, 49].

The identification of prolonged CD4+ T cell lymphopenia was a critical step in our search for
biomarkers associated with over-immunosuppression. However, we need to go further and
to identify factors present at the time of transplantation responsible for the persistent
lymphopenia. This could limit the complications associated with kidney transplantation. We
reasoned that factors that affect the duration, intensity or variability of CD4+ T cell
reconstitution after ATG-induced T cell depletion can be useful biomarkers. Based on the
literature, these factors can be the following: the thymic function/activity at time of
transplantation and its capacity to regenerate, the capacity to respond to cytokines involved
in homeostatic proliferation, and the variable sensitivity of CD4+ T cell subsets to ATG-induced
lymphopenia. This will be discussed in the next paragraphs of this review, but before that we
will quickly summarize the different steps involved in T cell reconstitution after profound
depletion.

Based on studies performed in animal models (mainly mouse models), Mackall and colleagues
proposed several years ago that T cell reconstitution after profound T cell depletion in Human
arises from two main pathways: thymopoiesis (i.e., the capacity of producing new T cells from
hematopoietic stem cells) and homeostatic proliferation expansion of residual host
lymphocytes that resist to depletion [50]. The latter pathway remains the major pathway early
after hematopoietic cell transplantation, until donor-derived prothymocytes migrate to the
recipient thymus, where they undergo maturation [51]. These two pathways are involved in
T cell recovery after ATG-induced lymphopenia (see below, §3 and §4). Afterwards in this
review, we will follow the chronological order of T cell reconstitution and list the factors
involved in homeostatic proliferation and thymopoiesis that are critical for delayed or
accelerated reconstitution. A third way of T cell reconstitution has been described in Human
involving the extrathymic development, for instance in the tonsil [52]. This will not be
discussed here. However, this is another interesting track to understand persistent CD4+ T cell
lymphopenia after ATG in renal transplant recipients in the future.

3. The role of homeostatic proliferation expansion after CD4+ T cell
depletion in the complications associated with over-immunosuppression

The first pathway of T cell reconstitution occurring after induction therapy-induced
lymphopenia is the homeostatic proliferation of residual T cells, a compensatory process, also
called lymphopenia-induced proliferation. We highly recommend a recent review on
lymphodepletion and homeostatic proliferation [53]. How does this step influence T cell
reconstitution after CD4+ T cell depletion? First, it depends on the residual T cells that persist
after ATG. In consequence, we will start with a paragraph dealing with data reporting
sensitivity and resistance to ATG-induced T cell death. Second, the capacity of residual T cells
to respond to homeostatic factors present in the microenvironment and competition for such
factors may impact on T cell recovery. Here, we will restrict the discussion on CD4+ T cells.
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lymphocytes that resist to depletion [50]. The latter pathway remains the major pathway early
after hematopoietic cell transplantation, until donor-derived prothymocytes migrate to the
recipient thymus, where they undergo maturation [51]. These two pathways are involved in
T cell recovery after ATG-induced lymphopenia (see below, §3 and §4). Afterwards in this
review, we will follow the chronological order of T cell reconstitution and list the factors
involved in homeostatic proliferation and thymopoiesis that are critical for delayed or
accelerated reconstitution. A third way of T cell reconstitution has been described in Human
involving the extrathymic development, for instance in the tonsil [52]. This will not be
discussed here. However, this is another interesting track to understand persistent CD4+ T cell
lymphopenia after ATG in renal transplant recipients in the future.

3. The role of homeostatic proliferation expansion after CD4+ T cell
depletion in the complications associated with over-immunosuppression

The first pathway of T cell reconstitution occurring after induction therapy-induced
lymphopenia is the homeostatic proliferation of residual T cells, a compensatory process, also
called lymphopenia-induced proliferation. We highly recommend a recent review on
lymphodepletion and homeostatic proliferation [53]. How does this step influence T cell
reconstitution after CD4+ T cell depletion? First, it depends on the residual T cells that persist
after ATG. In consequence, we will start with a paragraph dealing with data reporting
sensitivity and resistance to ATG-induced T cell death. Second, the capacity of residual T cells
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factors may impact on T cell recovery. Here, we will restrict the discussion on CD4+ T cells.
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The CD4+ T cell pool is constituted by different CD4+ T cell subsets: naive CD4+ T cells
expressing CD45RA that have not encountered their antigens called also T helper (Th) 0 cells
and memory/activated CD4+ T cells expressing CD45RO+. These cells can be divided into
effector memory and central memory according to CD62L/CCR7 or CD62L/CD44 expression.
Depending on the cytokine microenvironment in which naive CD4+ T cells are primed,
different Th subsets have been described: Th1, Th2, and Th17 (for a general scheme of Th cell
differentiation, please refer to [54]). Moreover, this CD4+ T cell pool contains regulatory T cells
(Treg) that play a key role in the control and maintenance of tolerance [55, 56]. FoxP3+ natural
Treg (nTreg) are produced in the thymus while induced Treg (iTreg) are generated in the
periphery from naive CD45RA+ CD4+ T cells in the presence of immunosuppressive cytokines:
IL-10 for FoxP3neg T regulatory 1 (Tr1) cells [57] or TGF-β for FoxP3+ Th3 iTreg [58]. This
CD4+ T cell pool may vary after T cell depletion and reconstitution may affect this pool.
Modifications of the CD4+ T cell pool may have consequences on late complications associated
with renal transplantation (see below, §3.3).

3.1. CD4+ T cell subsets and sensitivity to anti-thymocyte globulin administration

Anti-thymocyte globulins are a complex mixture of antibodies with multiple specificities
directed against different molecules expressed by T cells, but also non T cells [59, 60]. A
thorough study in non human primates reported that ATG treatment induced a dose-
dependent T cell depletion in the peripheral blood, as well as in the spleen and in the lymph
nodes. Massive T cell apoptosis in secondary lymphoid organs was identified as the main
mechanism implicated in T cell lymphopenia [61]. This supports that lymphocyte depletion is
the major mechanism by which ATG preparation exerts its immunosuppressive effect.
However, when considering T cell reconstitution, one has to evoke other mechanisms: i) the
relative resistance of some T cell subsets to ATG that has the advantage to expand in the
lymphopenic environment; ii) depletion-independent mechanisms [62]; iii) the elimination of
non T cells that may participate to homeostatic proliferation.

It has been reported that CD4+ T cells are more sensitive to ATG-induced depletion than
CD8+ T cells [62] and that the different CD4+ T cell subsets are not equally sensitive to ATG-
induced depletion [63, 64]. For instance, in a mouse model, Treg were spared by anti-
lymphocyte serum (ALS) −an equivalent of ATG in mice− treatment [63]. This occurs by a
mechanism dependent on OX40 signaling pathway present in Treg with a memory phenotype
[65]. However, another study in mice reported that all CD4+ T cell subsets are equally sensitive
to mouse ATG, but that naive T cells expand very quickly after homeostatic proliferation with
the acquisition of a memory phenotype [66]. This may explain why initial studies reported that
memory phenotype T cells are more resistant than naive T cells to ATG-induced death. The
same is maybe true for CD8+ T cells that expand faster than CD4+ T cells (as discussed in [67]).
The hypothesis of a different susceptibility to ATG-induced death or an imbalance in CD4+ T
cell subset reconstitution is tantalizing to explain the relationship between CD4+ T cell
lymphopenia and accelerated atherosclerosis after kidney transplantation, since some Th
subsets are pro-atherogenic while other are anti-atherogenic (see §3.3). Whether ATG or
immune recovery following ATG-induced lymphopenia may differently affect CD4+ Th
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subsets remains to be determined in renal transplant recipients. A study in renal transplant
recipients suggested that Th2 subsets were less sensitive than Th1 subsets to ATG treatment
[68]. However, other Th subsets −such as Th17, or the putative Th9 [69, 70] or Th22 [71, 72]
subsets− have not been explored yet.

What are the arguments in favor of depletion-independent mechanisms that may influence
CD4+ T cell reconstitution after ATG-induced lymphopenia? The major mechanism is the
induction of iTreg or the conversion of naive CD4+ T cells into iTreg. In in vitro experiments,
ATG has been reported to induce the conversion of iTreg from naive CD25− CD4+ T cells [73].
The source of ATG (from rabbit or horse) may impact Treg conversion with only rabbit-derived
ATG allowing Treg conversion [74]. An increase of Treg after rabbit ATG treatment has been
reported in vivo in renal transplant recipients [75]. The same data were reported with mouse
ATG in mice [64, 76]. ATG is constituted by a mixture of antibodies with multiple specificities
(see below) and CD3-specific antibody has been shown to efficiently deplete T cells, and then
in a second step, to favor conversion of residual naive CD4+ T cells in iTreg via TGF-β [77, 78].
Whether CD3-specific antibodies present in ATG preparations are responsible for ATG-
induced iTreg remains to be determined. In-depth analysis of Treg phenotype after ATG
treatment using CD45RA, CD45RO, CD27 and CD31 markers suggests that Treg come from
both thymus and peripheral expansion in adult renal transplant recipients, while they are
mainly derived from thymus in pediatric patients [75]. Furthermore, ATG may also alter T cell
migration [79] and naive T cells have to home to secondary lymphoid organs in order to
maintain a stable population size [53]. A subset of stromal cells present in the secondary
lymphoid organs, called fibroblastic reticular cells supports T cell survival via CCL19 [80].
Moreover, secondary lymphoid organs are an important source of IL-7 [80, 81], which
participates to naive CD4+ T cell expansion after lymphopenia (see below, §3.2). Thus, altered
T cell homing in the secondary lymphoid organs after ATG may participate to delayed immune
reconstitution. Transient CD3-specific antibody treatment resulting in T cell lymphopenia has
been also shown to affect T cell homing by stimulating the accumulation of Th17 cells with
regulatory functions in the small intestine [78]. This sustains the main role of “so-called”
depletion-independent mechanisms after depleting antibody therapy in T cell homeostasis.
We used the term “so-called”, since these depletion independent-mechanisms may in fact
correspond to bystander mechanisms related to depletion rather than really depletion-
independent mechanisms.

3.2. CD4+ T cell subsets and homeostatic proliferation after anti-thymocyte globulin
administration

Lymphopenia-induced proliferation has been extensively studied in mice (for review [81]) and
has been cleverly transposed to human setting [53]. T cell dynamics −including T cell
replenishment by homeostatic proliferation or after thymopoiesis− are usually extrapolated
from mice to humans and vice versa. These extrapolations are due to some common
observations performed in both species. However, some major differences may exist, such as
naive T cell lifespan: 7 to 11 weeks for mouse naive T cells versus 6 to 9 years for human naive
T cells [82]. This will be also discussed later in this review when thymopoiesis will be evoked
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(see below, §4.1). In murine models, homeostatic proliferation after T cell depletion uses
different kinetics (fast and slow), requires homeostatic cytokines (e.g., IL-7) and sometimes
cognate antigen-driven interactions (i.e., peptide/major histocompatibility complex [MHC]
presentation by antigen-presenting cells) [81]. The requirements of homeostatic cytokines and
contact with host MHC molecules vary depending on whether residual naive or memory T
cells are considered.

Homeostatic proliferation is the first pathway to be triggered when peripheral T cells decline
acutely. It can follow a fast (~ one cell division per 6-8 hours) or a slow (~one division per 24-36
hours) kinetics [53]. The fast kinetics is an antigen-specific process, and thus, only a smaller
subset of T cells (i.e., antigen-specific T cells) is concerned. These antigens may be rather foreign
antigens including, for instance, latent viruses such as EBV or commensal bacteria, such as gut
flora that favors homeostatic expansion of residual T cells in the gut [83]. Recent fascinating
reports have described how commensal bacteria are involved in the regulation of the immune
system in the gastro-intestinal tract [84, 85]. Interestingly, limited clinical manifestations
involving the gastro-intestinal tract have been reported in renal transplant recipients. The slow
homeostatic proliferation occurs in response to T cell depletion, can be self-antigen driven and
implicates IL-7 [53]. Interleukin-7 is produced at a relatively constant level and a decrease in
circulating T cell counts reduces IL-7 consumption, hence leading to enhanced levels of IL-7.
This cytokine become then available for residual T cell expansion. High serum levels of IL-7
were found in transplanted patients with severe lymphopenia after treatment-induced
depletion [86]. However, IL-7 levels decrease rapidly with lymphocyte recovery [86]. It was
recently proposed that levels of IL-7 receptor (CD127) expression on reconstituting T cells
rather than the absolute number of T cells may be responsible for the IL-7 availability [87].
Down-regulation of CD127 by increased levels of IL-7 causes termination of homeostatic
proliferation [88]. Thus, IL-7 can be considered as a true regulator of the naive T cell pool size,
driving homeostatic proliferation of CD31+ CD4+ recent thymic emigrants (RTE, see below, §4)
with sustained CD31 expression [89]. Memory CD4+ T cells –the dominant T cell subset
following antibody-mediated T cell depletion [90]− express high levels of CD127 [81], and then
compete with RTE for IL-7. Moreover, memory CD4+ T cells expand more quickly during
lymphopenia [53, 90]. While Treg are characterized by a low CD127 expression [91, 92], Treg
may express high levels of CD127 upon activation [93] and may respond to IL-7 driven
homeostatic proliferation [94]. To finish with the role of IL-7 in homeostatic proliferation, one
has to mention that this cytokine is particularly available in secondary lymphoid organs
attached to extracellular matrix after being synthesized by fibroblastic reticular cells [53, 80,
81]. This highlights the role of an adequate T cell homing to achieve an efficient T cell
reconstitution. In addition, the strength of T cell receptor (TCR) affinity for peptide/MHC
regulates homeostatic proliferation mediated by IL-7: the stronger is the TCR affinity, the less
IL-7 concentration is necessary [95, 96]. Dependency on other cytokines (e.g., IL-15 or IL-21)
for homeostatic proliferation expansion is less marked for CD4+ T cells than for CD8+ T cells.
Thus, IL-7 levels after lymphopenia are a critical factor to be considered after depletion therapy,
and competition of the different T cell subsets that resist to this therapy may occur. All these
subsets do not expand with the same kinetics (see next paragraph). Cox et al [48] have studied
the IL-7 pathway (circulating IL-7 levels and CD127 expression on T cells) in lymphopenic
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multiple sclerosis patients receiving Campath-1H/Alemtuzumab treatment. No significant
defect was observed [48]. Data are needed to confirm this observation in the context of kidney
transplantation. This is particularly interesting since recombinant human IL-7 has been used
in clinical trials [97] (see below, §4.3).

The kinetics of reconstitution after lymphopenia are dependent on the considered T cell
subsets, with memory T cells expanding more rapidly than naive T cells and naive CD8+ T cells
undergoing faster proliferation rates than naive CD4+ T cells [53, 62]. Furthermore, Th1 cell
expansion is favored by homeostatic proliferation [98]. This sustains that the subsets of T cells
that resist to depleting therapy play a major role in reconstitution. Antigen persistence such
as latent viruses may favor T cell exhaustion [67], and the loss of T cell specificity participating
to immunodeficiency. The picture is more complicated for Treg [53]. Initial works reported
that in lymphopenic environment, Treg expand quickly and massively by homeostatic
proliferation [98], as a mechanism to prevent unwanted autoimmune responses.
“Spontaneous” conversion of naive CD4+ T cells into iTreg in the lymphopenic environment
[99] may also participate to this increase of Treg. Moreover, the sites (gut versus secondary
lymphoid organs) may influence the speed (fast or slow) of recovery [53] and the T cell subset
implicated in homeostatic proliferation [78]. A recent editorial suggests harnessing this
homeostatic proliferation to favor transplantation tolerance [67].

3.3. Clinical implications of altered homeostatic proliferation in the setting of CD4+ T cell
lymphopenia

How can altered homeostatic proliferation after severe CD4+ T cell depletion participate in
increased cancer occurrence or accelerated atherosclerosis? Several features with clinical
consequences for lymphopenic patients are associated with the preferential homeostatic
proliferation of limited T cells: i) a limited TCR repertoire diversity leading to reduced immune
responses against oncogenic virus or maybe tumor antigens explaining the increased incidence
of cancers, ii) a shift from naive to memory/activated phenotype in the proliferating cells, iii)
a competition for limiting levels of homeostatic cytokines (increasing TCR repertoire skewing,
hence decreasing the capacity of the host to respond to antigen challenge), iv) a more delayed
T cell recovery [100], a possibility to lose transplantation tolerance [101], to favor autoimmunity
by expanding autoreactive memory T cells [102], or T cell exhaustion [67]. Presence of latent
infectious antigens, such as cytomegalovirus CMV, may participate in T cell exhaustion and
subsequent cancer occurrence [103]. Thus, homeostatic proliferation favors over-
immunosuppression and the overall immunodeficiency leading to enhanced cancer incidence.

Homeostatic proliferation may also be implicated in accelerated atherosclerosis. Indeed,
experiments performed in atherosclerosis prone apolipoprotein-E deficient or low density
lipoprotein receptor deficient mice have distinguished pro-atherogenic from anti-atherogenic
CD4+ T cell subsets (for reviews, [104, 105]). One may hypothesize that ATG-induced CD4+ T
cell lymphopenia may favor a preferential expansion of pro-atherogenic Th1 cells in detriment
of anti-atherogenic Treg (i.e., nTreg and iTreg subsets). This remains to be determined in the
future. Nevertheless, patients with end-stage renal disease awaiting kidney transplantation
exhibit an inflammatory state including high circulating levels of C reactive protein (CRP)
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rather than the absolute number of T cells may be responsible for the IL-7 availability [87].
Down-regulation of CD127 by increased levels of IL-7 causes termination of homeostatic
proliferation [88]. Thus, IL-7 can be considered as a true regulator of the naive T cell pool size,
driving homeostatic proliferation of CD31+ CD4+ recent thymic emigrants (RTE, see below, §4)
with sustained CD31 expression [89]. Memory CD4+ T cells –the dominant T cell subset
following antibody-mediated T cell depletion [90]− express high levels of CD127 [81], and then
compete with RTE for IL-7. Moreover, memory CD4+ T cells expand more quickly during
lymphopenia [53, 90]. While Treg are characterized by a low CD127 expression [91, 92], Treg
may express high levels of CD127 upon activation [93] and may respond to IL-7 driven
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for homeostatic proliferation expansion is less marked for CD4+ T cells than for CD8+ T cells.
Thus, IL-7 levels after lymphopenia are a critical factor to be considered after depletion therapy,
and competition of the different T cell subsets that resist to this therapy may occur. All these
subsets do not expand with the same kinetics (see next paragraph). Cox et al [48] have studied
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in clinical trials [97] (see below, §4.3).
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subsets, with memory T cells expanding more rapidly than naive T cells and naive CD8+ T cells
undergoing faster proliferation rates than naive CD4+ T cells [53, 62]. Furthermore, Th1 cell
expansion is favored by homeostatic proliferation [98]. This sustains that the subsets of T cells
that resist to depleting therapy play a major role in reconstitution. Antigen persistence such
as latent viruses may favor T cell exhaustion [67], and the loss of T cell specificity participating
to immunodeficiency. The picture is more complicated for Treg [53]. Initial works reported
that in lymphopenic environment, Treg expand quickly and massively by homeostatic
proliferation [98], as a mechanism to prevent unwanted autoimmune responses.
“Spontaneous” conversion of naive CD4+ T cells into iTreg in the lymphopenic environment
[99] may also participate to this increase of Treg. Moreover, the sites (gut versus secondary
lymphoid organs) may influence the speed (fast or slow) of recovery [53] and the T cell subset
implicated in homeostatic proliferation [78]. A recent editorial suggests harnessing this
homeostatic proliferation to favor transplantation tolerance [67].

3.3. Clinical implications of altered homeostatic proliferation in the setting of CD4+ T cell
lymphopenia

How can altered homeostatic proliferation after severe CD4+ T cell depletion participate in
increased cancer occurrence or accelerated atherosclerosis? Several features with clinical
consequences for lymphopenic patients are associated with the preferential homeostatic
proliferation of limited T cells: i) a limited TCR repertoire diversity leading to reduced immune
responses against oncogenic virus or maybe tumor antigens explaining the increased incidence
of cancers, ii) a shift from naive to memory/activated phenotype in the proliferating cells, iii)
a competition for limiting levels of homeostatic cytokines (increasing TCR repertoire skewing,
hence decreasing the capacity of the host to respond to antigen challenge), iv) a more delayed
T cell recovery [100], a possibility to lose transplantation tolerance [101], to favor autoimmunity
by expanding autoreactive memory T cells [102], or T cell exhaustion [67]. Presence of latent
infectious antigens, such as cytomegalovirus CMV, may participate in T cell exhaustion and
subsequent cancer occurrence [103]. Thus, homeostatic proliferation favors over-
immunosuppression and the overall immunodeficiency leading to enhanced cancer incidence.

Homeostatic proliferation may also be implicated in accelerated atherosclerosis. Indeed,
experiments performed in atherosclerosis prone apolipoprotein-E deficient or low density
lipoprotein receptor deficient mice have distinguished pro-atherogenic from anti-atherogenic
CD4+ T cell subsets (for reviews, [104, 105]). One may hypothesize that ATG-induced CD4+ T
cell lymphopenia may favor a preferential expansion of pro-atherogenic Th1 cells in detriment
of anti-atherogenic Treg (i.e., nTreg and iTreg subsets). This remains to be determined in the
future. Nevertheless, patients with end-stage renal disease awaiting kidney transplantation
exhibit an inflammatory state including high circulating levels of C reactive protein (CRP)
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[106, 107]. Thus, immune reconstitution after depletion therapy occurs in the context of
inflammation and may favor Th1 subsets. In lymphopenic setting, Th1 have been reported to
expand massively [98]. One can speculate that pro-inflammatory and pro-atherogenic Th
subsets are favored over anti-atherogenic T cells in renal transplantation recipients receiving
ATG treatment leading to increased incidence of cardiovascular diseases.

4. The role of thymic activity after CD4+ T cell depletion in the
complications associated with over-immunosuppression

The thymus participates more lately than homeostatic proliferation to immune reconstitution
after profound T cell depletion. The role of the thymic function on immune reconstitution after
profound T cell depletion has been studied in different clinical settings such as human
immunodeficiency virus (HIV) infection or hematopoietic cell transplantation (for recent
review [108]).

Different tools are available to discriminate recent thymic emigrants (RTE, reflecting thymic
activity/output) from other lymphopenia-induced expanded T cells (i.e., naive or memory/
activated). Douek and colleagues reported that circulating T cell excision circle (TREC) levels
are a direct reflect of thymic function [109]. These TREC correspond to the episomal DNA
circles generated during the rearrangement of the VDJ genes of the TCR α- and β-chains. TREC
are stably retained during cell division, but do not replicate, thus becoming diluted among the
daughter cells. It is possible to distinguish sjTREC and βTREC generated during recombination
of the TCR α-chain and β-chain, respectively. The proliferative ability of thymic progenitors
within the thymus can be assessed by sjTREC/ βTREC ratio due to the sequential recombination
of TCR β-chain, and then, of TCR α-chain after several divisions (for further explanations,
please refer to a complete review on TREC [108]). Expression of surface markers −including
CD45RA, CD31 or protein tyrosine kinase 7 (PTK7)− on circulating CD4+ T cells has been shown
to identify RTE and to attest to an efficient thymopoiesis [110, 111]. CD31+ CD4+ T cells contain
higher sjTREC levels than their CD31neg counterpart [89]. However, maintenance of CD31
expression on CD4+ T cells during IL-7-driven homeostatic proliferation can be observed [89].
This renders CD31 expression analysis as a less pertinent marker to interpret thymic activity.

A last concern is that the thymus involutes with age and injury, but keeps its capacity for
renewal. This is well illustrated in clinical settings associated with T cell recovery [112] where
the thymus expands and may become greater than the normal size with intense cellular
density, as attested by computerized tomography [100]. Radiographic measurement of thymus
by computer tomographs correlates with circulating TREC levels [113]. However, thymus
renewal capacity declines with age (for a review [100]). In consequence, circulating TREC levels
are inversely correlated with age [114]. Over the age of 45-50, thymic activity/output is reduced
and naive T cell recovery may take until 5 years after severe iatrogenic lymphopenia [100].
Overall, tools are available to study the part of thymic output in T cell reconstitution after ATG-
induced lymphopenia.
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4.1. Altered thymic activity, a predictive biomarker of persistent CD4+ T cell lymphopenia
after anti-thymocyte globulins

Few data are available to date concerning the human thymic function and CD4+ T cell recovery
after kidney transplantation. Several years ago, Monaco et al reported that thymectomy prior
to ATG prolongs T cell lymphopenia in mice [115], attesting for the role of thymus in T cell
reconstitution after ATG. Stable frequencies of RTE –assessed by CD31, CD45RA CD4
phenotype− have been reported in renal transplant recipients 6 months after transplantation
[116]. These authors concluded that uremia due to past history of end-stage renal failure has
no impact on thymic activity [116]. Only 7 patients among the 48 analyzed have received
depleting induction therapy [116]. This renders difficult to interpret the role of thymic activity
in the context of lymphopenia. In contrast, Scarsi et al [47] reported a massive reduction of
RTE one year post-transplantation after Campath-1H/Alemtuzumab administration. Pro‐
longed selective CD4+ T cell lymphopenia suggests that naive CD4+ T cells −including RTE−
are highly sensitive to ATG [31, 75] and that time is necessary for RTE “replenishment” after
T cell depletion. Analysis of thymic function in a cohort of rheumatoid arthritis patients
receiving Alemtuzumab 12 years before shows that circulating TREC levels are independent
on patient age but correlate with CD4+ T cell counts (i.e., patients with lower TREC are still
lymphopenic) and patients with normal CD4+ T cell counts exhibit the same TREC levels than
age-matched controls [49]. Thus, TREC and CD31 expression analysis can be used to monitor
thymic function in the setting of kidney transplantation.

We recently identified the thymic activity (as assessed by circulating TREC levels) at the time
of kidney transplantation as a major factor predicting CD4+ T cell immune reconstitution after
ATG administration [41, 117]. In a first patient cohort, we found a TREC value lower than 2
000 per 150 000 CD3+ cells at the time of transplantation to be the best threshold for prediction
of persistent post-ATG CD4+ T cell lymphopenia [41]. Renal transplant recipients with lower
TREC levels at the time of transplantation exhibited a higher morbidity and mortality risk due
to cancers as well as cardiovascular diseases. Determination of circulating TREC levels at the
time of transplantation may help to identify patients at high risk of persistent ATG-induced
CD4+ T cell lymphopenia and post-transplant cancer occurrence [41]. Moreover, in a second
cohort of patients, the levels of TREC at the time of transplantation is predictive of cancer
occurrence in renal transplantation recipients and correlate with naive CD45RA+ CD4+ T cell
recovery 1-5 years after transplantation [117]. Thus, TREC analysis at the time of transplanta‐
tion can be a useful predictive biomarker for over-immunosuppression-associated complica‐
tions. This new biomarker could be a valuable tool to select induction treatment (ATG versus
non depleting anti-CD25 antibodies). Renal transplant recipients with lower TREC levels at
the time of transplantation should not be eligible for ATG treatment. This needs to be validated
in prospective trials.

The maintenance of naive T cell pool appears critical to avoid complications associated with
over-immunosuppression after kidney transplantation. A recent interesting study challenges
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inflammation and may favor Th1 subsets. In lymphopenic setting, Th1 have been reported to
expand massively [98]. One can speculate that pro-inflammatory and pro-atherogenic Th
subsets are favored over anti-atherogenic T cells in renal transplantation recipients receiving
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after profound T cell depletion. The role of the thymic function on immune reconstitution after
profound T cell depletion has been studied in different clinical settings such as human
immunodeficiency virus (HIV) infection or hematopoietic cell transplantation (for recent
review [108]).

Different tools are available to discriminate recent thymic emigrants (RTE, reflecting thymic
activity/output) from other lymphopenia-induced expanded T cells (i.e., naive or memory/
activated). Douek and colleagues reported that circulating T cell excision circle (TREC) levels
are a direct reflect of thymic function [109]. These TREC correspond to the episomal DNA
circles generated during the rearrangement of the VDJ genes of the TCR α- and β-chains. TREC
are stably retained during cell division, but do not replicate, thus becoming diluted among the
daughter cells. It is possible to distinguish sjTREC and βTREC generated during recombination
of the TCR α-chain and β-chain, respectively. The proliferative ability of thymic progenitors
within the thymus can be assessed by sjTREC/ βTREC ratio due to the sequential recombination
of TCR β-chain, and then, of TCR α-chain after several divisions (for further explanations,
please refer to a complete review on TREC [108]). Expression of surface markers −including
CD45RA, CD31 or protein tyrosine kinase 7 (PTK7)− on circulating CD4+ T cells has been shown
to identify RTE and to attest to an efficient thymopoiesis [110, 111]. CD31+ CD4+ T cells contain
higher sjTREC levels than their CD31neg counterpart [89]. However, maintenance of CD31
expression on CD4+ T cells during IL-7-driven homeostatic proliferation can be observed [89].
This renders CD31 expression analysis as a less pertinent marker to interpret thymic activity.

A last concern is that the thymus involutes with age and injury, but keeps its capacity for
renewal. This is well illustrated in clinical settings associated with T cell recovery [112] where
the thymus expands and may become greater than the normal size with intense cellular
density, as attested by computerized tomography [100]. Radiographic measurement of thymus
by computer tomographs correlates with circulating TREC levels [113]. However, thymus
renewal capacity declines with age (for a review [100]). In consequence, circulating TREC levels
are inversely correlated with age [114]. Over the age of 45-50, thymic activity/output is reduced
and naive T cell recovery may take until 5 years after severe iatrogenic lymphopenia [100].
Overall, tools are available to study the part of thymic output in T cell reconstitution after ATG-
induced lymphopenia.
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[116]. These authors concluded that uremia due to past history of end-stage renal failure has
no impact on thymic activity [116]. Only 7 patients among the 48 analyzed have received
depleting induction therapy [116]. This renders difficult to interpret the role of thymic activity
in the context of lymphopenia. In contrast, Scarsi et al [47] reported a massive reduction of
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lymphopenic) and patients with normal CD4+ T cell counts exhibit the same TREC levels than
age-matched controls [49]. Thus, TREC and CD31 expression analysis can be used to monitor
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of kidney transplantation as a major factor predicting CD4+ T cell immune reconstitution after
ATG administration [41, 117]. In a first patient cohort, we found a TREC value lower than 2
000 per 150 000 CD3+ cells at the time of transplantation to be the best threshold for prediction
of persistent post-ATG CD4+ T cell lymphopenia [41]. Renal transplant recipients with lower
TREC levels at the time of transplantation exhibited a higher morbidity and mortality risk due
to cancers as well as cardiovascular diseases. Determination of circulating TREC levels at the
time of transplantation may help to identify patients at high risk of persistent ATG-induced
CD4+ T cell lymphopenia and post-transplant cancer occurrence [41]. Moreover, in a second
cohort of patients, the levels of TREC at the time of transplantation is predictive of cancer
occurrence in renal transplantation recipients and correlate with naive CD45RA+ CD4+ T cell
recovery 1-5 years after transplantation [117]. Thus, TREC analysis at the time of transplanta‐
tion can be a useful predictive biomarker for over-immunosuppression-associated complica‐
tions. This new biomarker could be a valuable tool to select induction treatment (ATG versus
non depleting anti-CD25 antibodies). Renal transplant recipients with lower TREC levels at
the time of transplantation should not be eligible for ATG treatment. This needs to be validated
in prospective trials.

The maintenance of naive T cell pool appears critical to avoid complications associated with
over-immunosuppression after kidney transplantation. A recent interesting study challenges
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some “dogma” on the role of thymic output in the maintenance of human naive T cell pool
[118]. While thymic output is stable even with age in mice, in humans peripheral T cell
proliferation may be the major mechanism contributing to the maintenance of naive T cell pool.
Indeed, when the authors normalized the TREC content of peripheral CD4+ T cells by the TREC
content of single positive CD4+ thymocytes (obtained from 45 children who underwent cardiac
surgery), they observed that, in individuals older than 20, only around 10% of circulating naive
T cells come from thymus while the majority are formed from peripheral naive T cell
proliferation. The same data were obtained using in vivo kinetic labeling using deuterated
water and mathematical modeling. This confirms that T cell dynamics differ in mice and
humans (see above, §3.2) and challenges the data obtained with TREC analysis. However, a
potential limitation of this work is that analyses have been performed in healthy volunteers
(in steady state) [118] and not in lymphopenic patients. As mentioned before, the human
thymus keeps the capacity for renewal [100], especially in case of profound T cell depletion.
Nevertheless, this works reinforces the idea that thymic function in lymphopenic renal
transplant recipients should be further explored using, for instance, more sophisticated
approaches such as in vivo labeling using deuterated water.

4.2. Clinical implications of altered thymic function in the setting of CD4+ T cell
lymphopenia

How can altered thymic output after severe CD4+ T cell depletion participate in increased
cancer occurrence or accelerated atherosclerosis? A major role of thymus during T cell recovery
is the reconstitution of a most diverse polyclonal T cell repertoire. Thus, renal transplant
recipients with an impaired thymic function exhibiting a skewed T cell repertoire and are less
equipped to respond to pathogens (including oncogenic viruses) or even to control tumors
than patients presenting an efficient T cell reconstitution with a fully diverse TCR repertoire
(for a review [100]). This may explained the increased occurrence of cancers in renal transplant
recipients.

In patients with altered thymic function, homeostatic proliferation becomes the main
contributor to T cell recovery, and thus, duration of lymphopenia is extended with
uncontrolled pro-atherogenic CD4+ T cell subset expansion leading to accelerated
atherosclerosis (see above). Moreover, impaired thymic function and uncontrolled
homeostatic proliferation may lead to immune exhaustion that aggravates immunodeficiency.
In addition, impaired thymic output by limiting naive T cell production impacts highly on
homeostatic proliferation. This explains why pre-transplant thymic function is a good and
sensitive biomarker.

4.3. Perspectives: Toward a restoration of thymic function?

We recently identified impaired thymic function as a biomarker for increased occurrence of
cancers and accelerated atherosclerosis related to persistent CD4+ T cell lymphopenia [41,
117]. It remains interesting to localize the defect more accurately in order to propose a
therapeutic restoration of this function. One hypothesis is that the defect is localized before
the thymus for instance, in CD34+ lymphoid precursors, as proposed for HIV [119]. This is a
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Figure 1. CD4+ T cell recovery after anti-thymoglobulin (ATG)-induced depletion in renal transplant recipient (RTR) is
dependent on three steps/stages: i) sensitivity to ATG; ii) cytokine and/or antigen-dependent homeostatic prolifera‐
tion, a process called also lymphopenia-induced proliferation (LIP); iii) thymic activity. This figure identifies for each
step critical parameters that may influence CD4+ T cell recovery. Sensitivity to ATG depends on the considered CD4+ T
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cell reconstitution). Non depletion mechanisms are illustrated by conversion of naive CD4+ T cells into Treg. T cell re‐
covery after depletion implicates first LIP. Kinetics of T cell proliferation depends on: the type of antigen (self antigens
[Self-Ags] may induce a slow kinetic, whereas foreign antigens [Foreign Ags], including: EBV, CMV or commensal bac‐
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dysfunction in each step may lead to complications in RTR (summarized in the gray box). Other abbreviations used:
BM, bone marrow; D0, day 0 (i.e., the day of transplantation); h, hour; SLO, secondary lymphoid organs; Th, T helper
cells. The question mark represents a potential mechanism. For more details, please refer to the text.
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some “dogma” on the role of thymic output in the maintenance of human naive T cell pool
[118]. While thymic output is stable even with age in mice, in humans peripheral T cell
proliferation may be the major mechanism contributing to the maintenance of naive T cell pool.
Indeed, when the authors normalized the TREC content of peripheral CD4+ T cells by the TREC
content of single positive CD4+ thymocytes (obtained from 45 children who underwent cardiac
surgery), they observed that, in individuals older than 20, only around 10% of circulating naive
T cells come from thymus while the majority are formed from peripheral naive T cell
proliferation. The same data were obtained using in vivo kinetic labeling using deuterated
water and mathematical modeling. This confirms that T cell dynamics differ in mice and
humans (see above, §3.2) and challenges the data obtained with TREC analysis. However, a
potential limitation of this work is that analyses have been performed in healthy volunteers
(in steady state) [118] and not in lymphopenic patients. As mentioned before, the human
thymus keeps the capacity for renewal [100], especially in case of profound T cell depletion.
Nevertheless, this works reinforces the idea that thymic function in lymphopenic renal
transplant recipients should be further explored using, for instance, more sophisticated
approaches such as in vivo labeling using deuterated water.

4.2. Clinical implications of altered thymic function in the setting of CD4+ T cell
lymphopenia

How can altered thymic output after severe CD4+ T cell depletion participate in increased
cancer occurrence or accelerated atherosclerosis? A major role of thymus during T cell recovery
is the reconstitution of a most diverse polyclonal T cell repertoire. Thus, renal transplant
recipients with an impaired thymic function exhibiting a skewed T cell repertoire and are less
equipped to respond to pathogens (including oncogenic viruses) or even to control tumors
than patients presenting an efficient T cell reconstitution with a fully diverse TCR repertoire
(for a review [100]). This may explained the increased occurrence of cancers in renal transplant
recipients.

In patients with altered thymic function, homeostatic proliferation becomes the main
contributor to T cell recovery, and thus, duration of lymphopenia is extended with
uncontrolled pro-atherogenic CD4+ T cell subset expansion leading to accelerated
atherosclerosis (see above). Moreover, impaired thymic function and uncontrolled
homeostatic proliferation may lead to immune exhaustion that aggravates immunodeficiency.
In addition, impaired thymic output by limiting naive T cell production impacts highly on
homeostatic proliferation. This explains why pre-transplant thymic function is a good and
sensitive biomarker.

4.3. Perspectives: Toward a restoration of thymic function?

We recently identified impaired thymic function as a biomarker for increased occurrence of
cancers and accelerated atherosclerosis related to persistent CD4+ T cell lymphopenia [41,
117]. It remains interesting to localize the defect more accurately in order to propose a
therapeutic restoration of this function. One hypothesis is that the defect is localized before
the thymus for instance, in CD34+ lymphoid precursors, as proposed for HIV [119]. This is a
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possibility since ATG contains a mixture of antibodies with multiple specificities [59, 60], and
thus, ATG may affect circulating thymic precursors. With this assumption in mind, we
hypothesize that the capacity to regenerate hematopoiesis may impact thymic function. The
cyclo-oxygenase-2 (COX-2) gene promoter polymorphism at position -765 is responsible for the
control of prostaglandin-E2 (PGE-2) synthesis and PGE-2 has been reported to be involved in
lymphocyte reconstitution following depletion [120-122]. Indeed, COX-2 is expressed by
thymic stroma [121], participates not only in thymocyte development [122], but also in
accelerated hematopoiesis following myelotoxic injury [120]. We found that the COX-2 gene
promoter polymorphism at position -765 is associated with a higher risk of ATG-induced
persistent CD4 T-cell lymphopenia. Pre-transplant TREC levels were higher in GG patients
than in C carriers who have lower serum PGE-2 levels [123]. The possibility of selecting patients
with low or high risk of immune reconstitution impairment through the COX-2 gene promoter
polymorphism could offer the opportunity to use ATG more safely. This suggests that ATG
may affect T cell reconstitution before thymus.

Significant advances have been performed in the comprehension of endogenous thymus
regeneration and several factors have been shown to increase thymic activity (for a recent
review [108], see also Ref.[124] for IL-22). This is particularly interesting since recombinant
human IL-7 has been used in clinical trials [97]. Administration of IL-7 results in an expansion
of both naive and memory CD4+ T cells and CD8+ T cells with a tendency toward enhanced
CD8+ T cell expansion [97]. Lymphopenic or normal older hosts receiving IL-7 develop an
expanded circulating T cell pool with increased T cell repertoire diversity [100]. Moreover, IL-7
administration exhibits a favorable toxicity profile [97], opening the perspective of potential
future use in renal transplant recipients with severe prolonged CD4+ T cell lymphopenia in
case that this IL7 pathway is altered. Furthermore, IL-7 treatment of human thymus −in vitro
or in a xenogeneic model− has been shown to increase thymic activity, as attested by elevated
TREC levels [125]. Thus, IL-7 treatment may improve thymic activity after kidney
transplantation.

5. Conclusion

We summarize in a Figure the different factors and critical steps involved in CD4+ T cell
reconstitution after depletion by ATG (Figure 1). Overall, the aim of this review was to report
our experience on the identification of biomarkers (CD4+ T cell lymphopenia after ATG and
TREC levels at the time of transplantation) predicting transplantation-related complications
(mainly atherosclerosis and cancer occurrence), and to propose to use these biomarkers in
patient follow up and/or in immunosuppressive strategy design. Furthermore, we propose
other “tracks” to improve the clinical relevance of these biomarkers, as well as to understand
their implications in the occurrence of immunosuppression-associated complications. The
efficacy of these identified biomarkers should be tested and validated in prospective clinical
trials in order to select the appropriate immunosuppressive strategy. In the future, one could
imagine that these biomarkers may help physicians to manage risks of cancers and
cardiovascular diseases in renal transplant recipients.
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patient follow up and/or in immunosuppressive strategy design. Furthermore, we propose
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1. Introduction

Late graft loss remains a major obstacle to successful long-term kidney allograft transplanta‐
tion. The factors contributing to late graft loss include immunological (cellular and/or antibody
mediated injuries) and non-immunological (donor disease, recurrent disease, peri-transplant
ischemia, viral infection or drug toxicity) factors (Smith et al., 2006).

For decades, T cells were considered as the primary contributors to acute as well as chronic
rejection after organ transplantation.

The role of antibody in rejection of transplanted organs was the subject of debate in the early
days of transplantation. Peter Gorer was the first to describe the role of antibody and Peter
Medwar championing cell-mediated immunity. Following the death of Gorer's in 1961, the
concept of antibody-mediated rejection faded into the background. However, by 1997
demonstration of the relative sensitivity and specificity of C4d staining in peritubular capil‐
laries in identifying antibody mediated rejection raised the hope that a rigorous morphological
classification could be devised.

Allo-antibodies to HLA class I or II and other antigens expressed by endothelium cause a
variety of effects on renal transplants, ranging from acute to chronic rejection, and even
apparent graft acceptance (accommodation). Recognition of these conditions and appropriate
therapy requires demonstration of C4d in biopsies, commonly confirmed by tests for circulat‐
ing allo-antibody (Lefaucheur et al., 2010).

Pre-existing (Amico et al., 2009) or post transplant (Cantarovich et al., 2011; Lefaucheur et al.,
2010) development of donor specific antibodies (DSA) lead to Acute AMR occurred in 8% of
kidney transplant patients. The 5-year graft survivals of patients who had an episode of AMR
were significantly worse than that of the remaining transplant population. The relative risk
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(RR) for graft loss for patients who had an episode of AMR was around 4 times as compared
with patients without AMR. Importantly, even in patients without any episode of AMR, the
presence of anti-HLA-DSA on the peak serum was still associated with a significantly lower
graft survival as compared with patients without anti-HLA-DSA (Amico et al., 2009; Cantar‐
ovich et al., 2011; Lefaucheur et al., 2010).

The recently described entity of subclinical AMR (Gloor et al., 2006; Haas et al., 2007) in which
progressive morphologic lesions are found on biopsy in the absence of overt clinical rejection
may account for this different course. A recent study demonstrated that subclinical AMR is a
frequent finding in patients with preformed HLA-DSA (31.1% at 3 months) and is associated
with worse GFR at 1 year (Loupy et al., 2009). These progressive lesions lead to chronic humoral
rejection, first described in 2001 (Regele et al., 2002) and now recognized to be a distinct cause
of late graft dysfunction and loss (Gloor et al., 2007; Regele et al., 2002).

Antibody-mediated rejection has become clinically critical because this form of rejection is
usually unresponsive to conventional anti-rejection therapy, and therefore, it has been
recognized as a major cause of allograft loss. Although desensitization protocols have enabled
transplantation across donor-specific antibody barriers in a growing number of cases (Haas et
al., 2007; Jordan, 2006), these protocols are neither consistently efficacious nor standardized.
It reflects an incomplete understanding of the pathogenesis of alloantibody-induced injury as
a major cause of allograft loss. Furthermore, patients treated with these modalities persist in
having a high risk of multiple AMR episodes and lower graft long term survival compared to
antibody free patients.

2. Natural course

In 1968, when kidney transplant patients were first examined for the development of anti‐
bodies after graft failure, antibodies were detected in 11 (38%) of 29 patients who had rejected
their grafts (Morris et al., 1969).

The fact that some patients in desensitization protocols developed AMR and others with
similar levels of DSA at baseline did not, has remained unexplained due to the lack of detailed
studies of these patients post transplant. Burns et al. (Burns et al., 2008) aimed to define the
natural history of AMR in highly sensitized patients undergoing positive cross-match kidney
transplantation. They found that the serum DSA level after transplantation was the major
determinant of AMR. Patients who developed high levels of DSA within the first month after
transplantation almost invariably developed acute humoral rejection (AHR), whereas those
who maintained low levels were rejection-free. Importantly, more than half of the patients who
had high levels of DSA at baseline did not develop high levels of DSA after transplantation.
Almost all patients, including those who developed AMR, had a significant decrement or even
disappearance of DSA early after transplantation (Gloor et al., 2004; Zachary et al., 2005). This
finding that increases in DSA levels in AMR may be transient and self-limited in many patients
presents difficulties in assessing the effectiveness of therapy aimed at treating AMR.
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During the 12th International Histocompatibility workshop, a multicenter prospective study
was initiated to test patients with functioning kidney transplants once for HLA antibodies
post-transplantation. The 806 patients without HLA antibodies, had a subsequent 4 year graft
survival of 81%, compared with 58% for 158 patients with HLA antibodies [the presence of
anti-HLA antibodies led to 5% allograft loss every year; therefore, after 4 years, 20% of the
grafts will be lost ]( Terasaki et al., 2007).

Among 512 patients followed for 1 year post-testing in Sao Paulo, 12% of antibody positive
patients lost their grafts, whereas graft failure occurred in only 5.5% of those without HLA
antibodies (P=0.03) (Campos et al., 2006). These results have been updated, demonstrating that
at 3 years post-transplantation, patients without HLA antibodies had a 94% survival rate
compared with 79% for those with HLA class II antibodies (Gerbase-DeLima et al., 2007).

In a large multicentre trial, HLA-specific antibodies were detected in 21% of patients with renal
allografts and 14–23% of patients with heart, liver or lung allografts (Terasaki & Ozawa,
2004). Of 2,278 renal-allograft recipients who were followed prospectively, graft failure at 1
year occurred more frequently in patients who developed alloantibodies than in those who
did not (8.6% versus 3.0%). Several studies have reported that de novo antibodies that are
specific for graft HLA class I and class II molecules are a risk factor for premature graft loss as
a consequence of renal and cardiac chronic arteriopathy (Michaels et al., 2003; Pelletier et al.,
2002; Piazza et al., 2001).

For example, during a 5-year follow-up period, donor-reactive antibodies were present in 51%
of patients with graft failure compared with 2% of stable control individuals. The presence of
antibodies preceded graft failure in 60% of cases (Worthington et al., 2003). Worthington et al
(Worthington et al., 2001) showed that among 12 patients who developed ELISA-detected HLA
antibodies post-transplantation, 92% of the grafts failed, whereas among the 64 patients who
remained negative, only 11% of the grafts failed (P<0.001).

So, circulating HLA-specific antibodies are typically present months to years before graft
dysfunction, indicating that antibody-mediated graft injury might be slow to develop.

3. Pathogenesis and mechanism

The pathogenesis of late renal allograft loss is heterogeneous and difficult to diagnose.

How alloantibody and complement activation promote glomerulopathy, arteriopathy and
fibrosis is incompletely clear. Only in the past 7 years, a potential role of alloantibodies for
chronically deteriorating graft function has been postulated.

Alloantibodies are now appreciated as important mediators of acute and chronic rejection,
differing in pathogenesis, or “nature,” from T cell–mediated rejection.

Alloantibodies preferentially attack a different “location,” namely the peritubular and
glomerular capillaries, in contrast to T cells, which characteristically infiltrate tubules and
arterial endothelium.
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Antibody-mediated rejection generally has a worse prognosis and requires different ap‐
proaches to treatment and prevention than the usual T cell–mediated rejection.

Antibody induces rejection acutely through the fixation of complement, resulting in tissue
injury and coagulation. In addition, complement activation recruits macrophages and
neutrophils, causing additional endothelial injury. Antibody and complement also induce
gene expression by endothelial cells, which is thought to remodel arteries and basement
membranes, leading to fixed and irreversible anatomical lesions that permanently compromise
graft function.

3.1. Antigenic targets

The main antigenic targets of antibody-mediated rejection are MHC molecules (both class I
and class II) (Erlich et al., 2001) and the ABO blood-group antigens (Race & Sanger, 1958). MHC
class I molecules are found at the surface of all nucleated cells, including endothelial cells. By
contrast, the distribution of MHC class II molecules is more limited. These molecules are
constitutively expressed at the surface of B cells, dendritic cells (DCs) and microvascular
endothelial cells (the last applies to humans but not mice) and are expressed by other cells
depending on the stimuli that they have been exposed to and their transcriptional activation.
The extreme polymorphism of MHC class I and class II polypeptides (more than 1,600 alleles
in humans) aids their main function, which is antigen presentation to T cells.

Production of HLA specific alloantibodies depends on exposure to HLA molecules as a
consequence of pregnancy, blood transfusion or transplantation. These antibodies are mainly
of the IgG class. Blood-group antigens, most importantly the A and B antigens, are carbohy‐
drate epitopes on glycolipids and glycoproteins that are present at the surface of most tissues,
including erythrocytes and endothelial cells. Antibodies that are specific for A or B antigens
arise ‘naturally’ in normal individuals who are not of the A and/or B blood group in response
to antigens from the environment, and they are usually of the IgM class (Colvin & Smith, 2005).

Antibodies to class I MHC antigens can stimulate endothelial and smooth muscle proliferation
and expression of FGF receptors (Bian & Reed, 2001). Soluble terminal complement compo‐
nents (C5b-9) trigger the production of FGF and PDGF by endothelial cells (Benzaquen et al.,
1994). Thus antibodies and activated complement might induce gene products that promote
endothelial activation and injury with consequent basement membrane duplication and
arterial smooth muscle proliferation and thickening until finally, the characteristic atheroscle‐
rosis lesion of chronic rejection results in obstruction (Jin et al., 2002; Reed, 2003).

In addition to MHC molecules and blood-group antigens, minor histocompatibility antigens
might also be targets of antibody-mediated rejection. Minor histocompatibility antigens, which
were originally defined in mice by their ability to cause prompt skin-graft rejection, are also
thought to be relevant as targets of graft-versus-host disease and as tumor antigens (Chao,
2004). In animal studies, non-MHC-specific antibodies can cause endothelial-cell apoptosis
and graft rejection (Derhaag et al., 2000; Wu et al., 2002).

However, in humans, the molecular characterization of these antigens is limited.
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MICA (MHC-class-I-polypeptide-related sequence A), one of the few potential endothelial-
cell surface alloantigens, has been defined at the molecular level (Kooijmans-Coutinho et al.,
1996).

MICA is a polymorphic non-classical MHC molecule. Antibody that is specific for MICA
(MHC-class-I-polypeptide-related sequence A) can be detected in renal-allograft recipients
and is associated with later rejection and graft loss (Mizutani et al., 2005; Sumitran-Holgersson
et al., 2002) that was demonstrated by Zou and coworkers (Zou et al., 2007) who found that
antibodies against minor histocompatibility antigens such as MICA may be associated with a
poorer graft outcome.

Antibodies that recognize self-proteins might also contribute to graft injury. For example,
autoantibody that is specific for the angiotensin II type 1 receptor, which is expressed by
vascular smooth muscle, has been associated with severe hypertension, graft dysfunction and
fibrinoid arterial necrosis of human renal allografts (Dragun et al., 2005).

Several  studies have shown that  circulating anti-HLA class I  or  II  antibodies,  either do‐
nor reactive (Worthington et al.,  2003; Hourmant et al.,  2005) or de novo non–donor re‐
active  (Hourmant  et  al.,  2005;  Terasaki  &  Ozawa,  2005),  are  found  in  a  substantial
fraction of renal allograft recipients, and these are associated with later graft loss. Retro‐
spective studies demonstrated that de novo appearance of DSA was associated with poor
graft outcome (Colvin, 2007).  One study in more than 2000 patients prospectively estab‐
lished the risk of circulating alloantibodies for graft survival after 1 and 2 years (Terasa‐
ki & Ozawa, 2005).

3.2. B- lymphocytes

B cells are not just plasma cell precursors, but represent an important population of anti‐
gen-presenting  cells  particularly  efficient  in  the  situation  of  a  sensitized  recipient,  be‐
cause they have specific immunoglobulin as an antigen-specific receptor on their surface,
which  leads  to  efficient  uptake  and  presentation  of  donor  antigens  to  T  cells  (Noorch‐
ashm et al.,  2006). Indeed, an increased frequency of alloantigen-specific B cells in sensi‐
tized recipients has been reported (Zachary et al., 2007). Therefore, targeting these B cells
will also interfere with activation of indirectly allo-reactive T cells, which play an impor‐
tant role in chronic allograft rejection.

In sensitized allograft recipients with DSA, sensitization has always occurred on the level of
B and T cells; because B cells need T help to produce alloantibodies of IgG isotype as measured
by the Luminex technology. Therefore, a combined pathogenesis of rejection must always be
postulated, even if not all the pathologic criteria are fulfilled (Fehr et al., 2009).

However,  failure  to  demonstrate  DSA does  not  rule  out  a  contribution of  antibodies  to
the pathologic process, because absorption of antibodies by the allograft may result in a
lack  of  circulating  DSA (Martin  et  al.,  2005).  Alternatively,  DSA against  non-HLA anti‐
gens or HLA-DP could explain the missing ELISA reactivity in the presence of increased
cytotoxic  anti-B-cell  reactivity  and  ongoing  antibody-mediated  rejection  (Arnold  et  al.,
2005; Opelz, 2005; Zou et al., 2007).
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2005; Opelz, 2005; Zou et al., 2007).
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The combination of alloantibody, basement membrane multilamination, C4d, and duplication
of the GBM has been termed the “ABCD tetrad” by Solez and colleagues (Solez et al., 2007).

3.3. Plasma cells

During AMR, it is likely that a portion of the DSA found in the serum is due to ongoing
antibody production by pre-existing plasma cells. In addition, the observed increase in DSA
during AMR suggests that conversion of allospecific memory B cells to plasma cells also may
play a role. Unfortunately, no studies of the activity of memory B cells during AMR exist.
Despite this, several groups have developed protocols to treat AMR based on their presumed
impact on either B cells or plasma cells (Stegall & Gloor, 2010).

3.4. Presence of antibodies with good function

It is a common observation and “complaint” that some patients with HLA antibodies have
excellent kidney graft function. The exact frequency of this occurrence has been documented
to be about 20% in studies of 2658 patients with functioning grafts (Terasaki et al., 2007) Thus,
at any transplant center roughly 20% of patients would likely have antibodies and good
function.

According to prospective studies, when 158 patients with antibodies were followed for as long
as 4 years, their graft survival was 58% as compared with 81% for 806 patients without
antibodies (Terasaki et al., 2007).

Significantly,  the  presence  of  antibodies  did  not  foretell  immediate  or  certain  graft  fail‐
ure.  Studies by Worthington et al.  (Worthington et al.,  2007) have shown that the mean
time from antibody development  to  failure  for  class  I  antibodies  was  2.7  years  and 3.9
years for class II  antibodies.  Additionally,  antibodies causing humoral rejection may not
appear until as many as may reach up to 13 years (Kamimaki et al., 2007), or even after
26 years (Weinstein et al., 2005) posttransplant. The reason for this long interval between
antibody appearance and graft failure is the time needed for the endothelial walls of ar‐
teries  to  hypertrophy  and  close  the  lumen,  or  for  the  tubules  to  disappear  because  of
peritubular  capillary  damage produced by antibodies  (Shimizu et  al.,  2002).  In  both  in‐
stances,  defense mechanisms could be triggered as the endothelium is damaged and re‐
pair mechanisms are triggered (Jin et al., 2005).

4. Accommodation

Transplantation across an ABO barrier, which normally precipitates hyperacute rejection, has
been done successfully in many centers, using special protocols to deplete naturally occurring
anti–blood group antibodies.

The phenomenon of accommodation, in which the graft acquires resistance to humoral injury
and continues to function well despite the continued presence of antibody against a target
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antigen expressed on graft endothelium, is well documented in ABO-incompatible kidney
transplants (Park et al., 2003; Platt, 2002).

Alexandre and colleagues (Alexandre et al., 1987) initially observed accommodation in
recipients of an ABO-incompatible renal allograft. Transient depletion of the circulating
antibodies that are specific for these blood-group antigens at the time of transplantation allows
immediate graft survival without hyperacute rejection.

A rebound of antibody concentrations (primarily IgM) within the first 10 days occurs to‐
gether  with rejection in 90% of  cases.  However,  after  21 days,  for  the remaining grafts,
there is no correlation between the occurrence of rejection and the antibody titre (Park et
al.,  2003;  Shishido et  al.,  2001).  Even if  the  antibody titre  returns  to  pre-transplantation
levels or higher, the grafts continue to function. It has been proposed that in these cases,
complement regulatory proteins and/or other control mechanisms may interrupt the com‐
plement cascade distal to the generation of C4d, so the persistence of C4d on graft endo‐
thelium  represents  a  marker  for  the  arrest  of  the  complement  cascade  rather  than
ongoing complement-mediated graft injury (Williams et al., 2004).

As suggested by Platt (Platt, 2002), careful histologic and immunohistologic study may help
to answer this question and address any potential role of complement in the accommodation
process. Accommodation in ABO-incompatible grafts is not due to a change in the nature of
the antibody or loss of the target antigen in the graft, because C4d is deposited in the renal
microcirculation.

At a cellular level, accommodation may occur via multiple mechanisms, including internali‐
zation, downregulation, inactivation, and inhibition of the target antigen (Colvin & Nickeleit,
2006; Colvin & Smith, 2005).

Studies in mice show that, in the absence of T-cell help, B cells that are exposed to incompatible
carbohydrate antigens on allografts differentiate into cells that can produce non-complement-
fixing antibody which potentially competes with complement-fixing antibody, and these B
cells gradually become tolerant after prolonged exposure (Ogawa et al., 2004).

In  HLA-mismatched  grafts,  alloantibodies  can  be  found in  the  absence  of  clinical  graft
dysfunction, thereby fitting the definition of accommodation. However, patients with cir‐
culating  HLA-specific  antibody  have  a  greater  likelihood  of  later  graft  loss,  indicating
that,  if  accommodation  occurs,  then  it  is  either  transient  or  insufficient  to  prevent
CAMR. Long-term, complete  accommodation has not  been documented for  MHC mole‐
cules,  and  the  phenomenon might  therefore  be  partly  determined by  the  nature  of  the
antigen (Colvin & Smith, 2005). Accommodation may have different degrees of effective‐
ness  and  stability  (gradations),  ranging  from  none  (hyperacute  rejection),  to  minimal
(acute rejection), substantial (chronic rejection), or complete (stable accommodation) (Col‐
vin, 2007). The minimal features that indicate transformation from accommodation to re‐
jection  have  yet  to  be  defined  and  drugs  that  promote  more  effective  accommodation
would potentially be useful clinically.
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would potentially be useful clinically.
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5. Stages of antibody-mediated rejection

At a National Institutes of Health (United States) consensus conference, draft criteria were
established for antibody-mediated rejection and for four theoretical stages in the development
of CAMR (Takemoto et al., 2004) as shown in FIG. 1 (Colvin & Smith, 2005).

Figure 1. Proposed stages of antibody-mediated rejection (Reproduced with permission from Nature Publishing
Group).

According to this model, the first evidence of an antibody-mediated response is the de novo
generation of donor-reactive antibodies (stage I). In many circumstances and for unknown
reasons, donor-reactive antibodies do not elicit AAMR.

The next stage (stage II) shows evidence of antibody reactivity and complement activation in
the graft, with C4d deposition in peritubular or glomerular capillary endothelium. At this
stage, there is no evidence of pathological or clinical injury in the graft. Both stage I and stage
II fit the criteria for accommodation and are therefore not necessarily predestined to lead to
graft injury. In stage III, in addition to positive staining for C4d, there are identifiable patho‐
logical changes, but graft function is still normal (that is, there is subclinical rejection). Finally,
in stage IV, in addition to positive staining for C4d and pathological changes, graft dysfunction
occurs. The interval between stages can be long and variable, and it is not known whether
progression is inexorable (Colvin & Smith, 2005).

6. Pathology

The past 20 years have seen major advances in the understanding of the effects of anti-
donor antibodies on renal allografts at various stages after transplantation. These advan‐
ces  have been due in  large  part  to  pathologic  examination of  both early  and late  renal
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allograft  biopsies,  including  both  routine  histologic  evaluation  and immunohistology  to
detect complement split products.

6.1. Acute antibody mediated rejection

As pathologists have become increasingly adept at diagnosing antibody-mediated rejection
(AMR) on allograft biopsies, substantial progress has been made in the treatment of AMR and
in successful renal transplantation in recipients with pre-existing antibodies against donor
blood group (ABO) and/or major histocompatibility (HLA) antigens. It has become critical to
develop standardized criteria for the pathological diagnosis of AMR.

The diagnostic criteria for acute humoral rejection (AMR; acute antibody-mediated rejection).
Patients with AHR present with an acute loss of graft function that often arises in the first few
weeks after transplantation and cannot be distinguished from cell-mediated rejection on
clinical grounds (Halloran et al., 1992; Takemoto et al., 2004). AMR can also develop years after
transplantation, often triggered by a decrease in immunosuppression (iatrogenic, noncompli‐
ance, or malabsorption). Presensitization is the major risk factor, but most of the patients with
AMR had a negative cross-match. AMR has occurred with all immunosuppression regimens,
even profoundly depleting therapy (Lorenz et al., 2004). The first clue that circulating anti–
class I HLA antibody caused a different pattern of acute rejection came from the studies of
Halloran’s group in Edmonton (Halloran et al., 1992). These investigators showed that
neutrophils in peritubular capillaries (PTC) and glomerular capillaries are strongly associated
with circulating anti-donor HLA antibodies. Other features, such as fibrinoid necrosis of
arteries and microthrombi, are also more common. However, none of these features is specific.

The pathology of AMR has a wide spectrum and can easily be missed by histologic criteria
alone. Renal biopsies may show acute cellular rejection, acute tubular injury, or thrombotic
microangiopathy. Neutrophils in capillaries are characteristically but not always found.
Macrophages are now recognized as a common intracapillary cell in AMR in kidney (Tinckam
et al., 2005) and heart (Lepin et al., 2006) allografts. Typically, the PTC are dilated. Fibrinoid
necrosis is found in a minority of cases (approximately 10 to 20%). A component of acute
cellular rejection may also be present, as manifested by a prominent mononuclear infiltrate,
tubulitis, or endarteritis. These lesions are generally not attributable to antibody alone. Treg
cells (FOXP3+) are rarer in the infiltrate than in cell-mediated rejection, perhaps contributing
to the poorer prognosis in AMR (Veronese et al., 2007). Microthrombi and interstitial hemor‐
rhage also sometimes occur. The PTC and glomerular endothelium shows a variety of
ultrastructural changes, including loss of fenestrations, detachment from the basement
membrane, lysis, and apoptosis; complete destruction of capillaries can occur, leaving
thickened laminated basement membranes (Liptak et al., 2005). Immunofluorescence (IF)
curiously does not often show antibody or C3 deposition in the vessels. However, IF does show
C4d in the majority of the PTC as a bright ring pattern, using a mAb in cryostat sections (Collins
et al., 1999; Mauiyyedi et al., 2001, 2002). Immunohistochemistry (IHC) works in formalin-
fixed, paraffin-embedded tissues with a polyclonal antibody (Lorenz et al., 2004). By immu‐
noelectron microscopy, C4d is detected on the surface of the endothelial cells and in
intracytoplasmic vesicles (Regele et al., 2002). Antibodies that react to non-C4d portions of the
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C4 molecule do not show PTC deposition, arguing that what is detected in tissues is primarily
C4d (Seemayer et al., 2006).

6.2. Chronic antibody mediated rejection

Chronic AMR is now included in the newest update of the Banff 07 classification of renal
allograft pathology with the following criteria: [1]morphological changes as glomerular
double contours compatible with transplant glomerulopathy (TPG) and severe PTC basement
membrane multilayering, interstitial fibrosis and tubular atrophy with or without PTC loss,
and fibrous intimal thickening in arteries without internal elastica duplication; [2] diffuse C4d
deposition in PTCs; and [3] presence of DSA (Solez et al.,2008). Not all these criteria are always
fulfilled in an individual patient at every given time point (Fehr et al., 2009).

PTC  basement  membrane  multilayering  correlates  highly  with  TPG,  and  most  of  TPG
have evidence of either C4d-positive staining or DSA. However, the proposed criteria do
not apply to all situations of chronic active antibody-mediated rejection. Chronic AMR is
distinct  from  acute  AMR  in  that  no  acute  inflammation  (neutrophils,  edema,  necrosis,
thrombosis) is present. However, cellular activity is often reflected by increased mononu‐
clear  cells  in  glomerular  capillaries  and  PTC  (Colvin,  2007).  The  Banff  criteria  require
PTC C4d positivity for diagnosis of  ABMR as well  as microcirculation injury.  However,
C4d is  not  a  sensitive  marker  of  chronic  ABMR,  and in  many patients  with  transplant
glomerulopathy,  C4d  staining  is  negative  in  the  presence  of  anti-HLA  DSA.  Therefore,
the recent update of the Banff classification introduced the diagnostic category of “suspi‐
cious for  ABMR.” It  is  defined with the presence of  morphologic evidence of  antibody-
mediated tissue injury and positive  anti-HLA antibody with negative C4d,  or  PTC C4d
positivity in the absence of alloantibody (Solez et al., 2008).

7. Markers of antibody mediated rejection

7.1. Histopathologic detection of C4d

Feucht et al. (Feucht et al., 1993) in Munich showed that peritubular capillary (PTC) C4d
deposition in renal transplant biopsies is strongly associated with a poor prognosis and raised
the possibility that antibodies were responsible. Currently, C4d has been adopted as a marker
of antibody-mediated rejection (Racusen et al., 2003). The justification for the selection of C4d,
a split product of C4, as a marker for AMR comes from its position in the cascade of complement
activation. C4d, a split product of the classical pathway of complement activation, is present
covalently bound on tissue near the sites of complement activation by alloantibody, e.g.,
vascular endothelial cell membrane.

C4d deposition in renal peritubular capillaries is strongly associated with circulating antibody
to donor HLA class I or class II antigens (Bohmig et al., 2002; Haas et al., 2006) and is currently
the best single marker of complement-fixing circulating antibodies to the endothelium.
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7.2. C4d detection pitfalls

C4d is not a magic marker for antibody-mediated rejection and in many patients with
transplant glomerulopathy. It is negative in the presence of anti-HLA DSA. Another issue with
chronic active antibody-mediated rejection is non-HLA antibody induced rejection without
complement fixation of C4d. Moreover, it was shown in many studies that focal C4d staining
was not a reliable indicator of AMR (Kayler et al., 2008), and it is not a guarantee of AMR:
diffuse C4d staining can occur with no morphologic injury or impaired outcome in ABO-
incompatible allografts (Solez et al., 2008). Another important problem is the significance of
positive C4d staining in the peritubular capillaries (PTC) and glomerular capillaries.

There are significant data to show that C4d positivity is usually long-lasting but is not
permanent. C4d staining can change from negative to positive and vice versa within days to
weeks. The detection of C4d signifies a humoral alloresponse in a subgroup of kidney
transplants, which is often associated with signs of cellular rejection (Nickeleit et al., 2002). It
is not clear how long C4d deposits persist in the absence of continued DSA production. One
study reported that C4d deposits were no longer detectable on repeat biopsy performed 2–3
weeks after DSA (Mauiyyedi et al., 2002). If C4d staining misses some cases of antibody-
mediated injury, and the presence of alloantibody does not identify which grafts are under‐
going antibody-mediated damage, we need new methods for identifying which kidneys are
being damaged by alloantibody.

7.3. Alternative markers (New diagnostic tools)

7.3.1. Endothelial-associated transcripts (ENDATs) as a new marker for CAMR

Recognizing the key role of endothelial changes in AMR, it was postulated by Sis and collea‐
gues (Sis et al., 2009) that altered expression of endothelial genes in biopsies from patients with
alloantibody would identify kidneys incurring antibody-mediated damage and at risk for graft
loss, whether they were C4d+ or negative. They explored whether expression of endothelial
genes was increased in biopsies manifesting antibody-mediated graft injury, and whether such
changes could be seen in C4d negative as well as C4d positive biopsies. They identified 119
endothelial-associated transcripts (ENDATs) from literature, and studied their expression by
microarrays in 173 renal allograft biopsies for cause.

Mean ENDAT expression was increased in all  rejection but was higher in AMR than in
T-cell-mediated rejection and correlated with histopathologic lesions of AMR, and alloan‐
tibody. Many individual ENDATs were increased in AMR and predicted graft loss. Kid‐
neys  with  high  ENDATs  and  antibody  showed  increased  lesions  of  AMR  and  worse
prognosis in comparison to controls. Only 40% of kidneys with high ENDAT expression
and chronic AMR or graft loss were diagnosed by C4d positivity. High ENDAT expres‐
sion  with  antibody  predicts  graft  loss  with  higher  sensitivity  (77%  versus.  31%)  and
slightly  lower  specificity  (71%  vs.  94%)  than  C4d.  The  results  were  validated  in  inde‐
pendent  set  of  82  kidneys.  They  concluded  that  in  patients  with  alloantibodies,  abnor‐
malities in expression of endothelial genes identify not only C4d+ AMR but some kidney
transplants  developing  antibody  associated  graft  injury  despite  negative  C4d  staining
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activation. C4d, a split product of the classical pathway of complement activation, is present
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vascular endothelial cell membrane.
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the best single marker of complement-fixing circulating antibodies to the endothelium.
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7.2. C4d detection pitfalls

C4d is not a magic marker for antibody-mediated rejection and in many patients with
transplant glomerulopathy. It is negative in the presence of anti-HLA DSA. Another issue with
chronic active antibody-mediated rejection is non-HLA antibody induced rejection without
complement fixation of C4d. Moreover, it was shown in many studies that focal C4d staining
was not a reliable indicator of AMR (Kayler et al., 2008), and it is not a guarantee of AMR:
diffuse C4d staining can occur with no morphologic injury or impaired outcome in ABO-
incompatible allografts (Solez et al., 2008). Another important problem is the significance of
positive C4d staining in the peritubular capillaries (PTC) and glomerular capillaries.
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is not clear how long C4d deposits persist in the absence of continued DSA production. One
study reported that C4d deposits were no longer detectable on repeat biopsy performed 2–3
weeks after DSA (Mauiyyedi et al., 2002). If C4d staining misses some cases of antibody-
mediated injury, and the presence of alloantibody does not identify which grafts are under‐
going antibody-mediated damage, we need new methods for identifying which kidneys are
being damaged by alloantibody.
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7.3.1. Endothelial-associated transcripts (ENDATs) as a new marker for CAMR
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gues (Sis et al., 2009) that altered expression of endothelial genes in biopsies from patients with
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loss, whether they were C4d+ or negative. They explored whether expression of endothelial
genes was increased in biopsies manifesting antibody-mediated graft injury, and whether such
changes could be seen in C4d negative as well as C4d positive biopsies. They identified 119
endothelial-associated transcripts (ENDATs) from literature, and studied their expression by
microarrays in 173 renal allograft biopsies for cause.

Mean ENDAT expression was increased in all  rejection but was higher in AMR than in
T-cell-mediated rejection and correlated with histopathologic lesions of AMR, and alloan‐
tibody. Many individual ENDATs were increased in AMR and predicted graft loss. Kid‐
neys  with  high  ENDATs  and  antibody  showed  increased  lesions  of  AMR  and  worse
prognosis in comparison to controls. Only 40% of kidneys with high ENDAT expression
and chronic AMR or graft loss were diagnosed by C4d positivity. High ENDAT expres‐
sion  with  antibody  predicts  graft  loss  with  higher  sensitivity  (77%  versus.  31%)  and
slightly  lower  specificity  (71%  vs.  94%)  than  C4d.  The  results  were  validated  in  inde‐
pendent  set  of  82  kidneys.  They  concluded  that  in  patients  with  alloantibodies,  abnor‐
malities in expression of endothelial genes identify not only C4d+ AMR but some kidney
transplants  developing  antibody  associated  graft  injury  despite  negative  C4d  staining
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and that ENDAT changes in renal transplants occur in rejection and in other forms of re‐
nal injury, and their impact on transplant glomerulopathy and graft loss is principally in
patients with circulating HLA antibodies. The elevation of the ENDATs is of value in de‐
termining which biopsies for cause in patients with antibody may have antibody-mediat‐
ed injury, even when they are C4d negative. Based on their study, the combined burden
of C4d+ and C4d negative AMR accounts for the majority of graft losses in kidney trans‐
plants biopsied for clinical indications (17 of 26, 65%). ENDAT expression in biopsy pro‐
vides a new tool for understanding the pathogenesis of late kidney graft loss and AMR,
and for  predicting graft  outcomes and defining AMR even in  C4d negative  biopsies  in
patients with antibodies (Sis et al., 2009).

7.3.2. TRIB1as a new non-invasive marker for CAMR

The discovery of novel and less invasive surrogate biomarkers of acute cellular rejection,
for which urine levels of  Granzyme B and FOXP3 transcripts have been shown to have
diagnostic and prognostic value (Muthukumar et al., 2005; Veale et al., 2006), has proved
successful.  Such  an  approach  in  the  case  of  the  different  causes  of  late  graft  failure
would facilitate  the  introduction of  more  targeted immunosuppression and thereby im‐
prove  long-term  outcome.  Ashton-Chess  and  colleagues  (Ashton-Chess  et  al.,  2008)  set
out  to  discover  novel  minimally invasive biomarkers  of  more precise  histologic  diagno‐
ses  of  late  graft  scarring.  Using a  literature gene-set  comparison approach for  late  graft
injury,  they  identified  TRIB1,  a  human  homolog  of  Drosophila  tribbles,  (Grosshans  &
Wieschaus,  2000)  as  a  potentially  informative  biomarker.  TRIB1  is  a  scarcely  character‐
ized member of the tribbles family that has been shown to be a potent regulator of cell
signaling18 in various cells lines. It was determined that TRIB1 is expressed primarily by
antigen-presenting  cells  (APC)  and  activated  endothelial  cells  (EC).  TRIB1  differs  from
the other minimally invasive biomarkers of transplant rejection described to date that are
of  T/NK cell  origin,  (Muthukumar  et  al.,  2005;  Seiler  et  al.,  2007;  Veale  et  al.,  2006)  in
that it is expressed primarily by APC as well as EC.

They explored the potential of TRIB1 as a tissue, peripheral blood, and urine biomarker by
measuring its mRNA profiles in graft biopsies, blood, and urine from healthy volunteers and
kidney transplant recipients with different histologic and/or clinical diagnoses. For testing this,
mRNA expression in 76 graft biopsies, 71 blood samples, and 11 urine samples were profiled
from independent cohorts of renal transplant patients with different histologic diagnoses
recruited at two European centers. TRIB1 but not TRIB2 or TRIB3 was found to be a potential
blood and tissue (but not urine) biomarker of chronic antibody-mediated rejection. Moreover,
TRIB1 mRNA in the blood was more specific and sensitive for diagnosing chronic AMR than
TRIB1 mRNA in biopsies.

TRIB1 mRNA levels in peripheral blood mononuclear cells discriminated patients with chronic
antibody-mediated rejection from those with other types of late allograft injury with high
sensitivity and specificity, suggests TRIB1 to be a marker of an active immune response.
Overall, these data support the potential use of TRIB1 as a biomarker of chronic antibody-
mediated allograft failure.
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8. Management of antibody mediated rejection

Unfortunately, no immunosuppressive standard for the prevention or therapy of alloantibody
production has been established yet. Although based on very limited evidence, acute humoral
rejections are frequently treated with a switch to tacrolimus, plasmapheresis or immunoad‐
sorption, as well as T- and B-cell-depleting antibodies. However, the best therapeutic approach
for C4d-positive, chronic humoral kidney rejection associated with an unfavourable prognosis
remains completely unclear. Neither the dose nor the best drug combination for the therapy
of an established humoral rejection is based on solid evidence. Although various immuno‐
suppressive drugs can reduce the number of acute rejection ns via inhibition of the T-cell
response, only very few data are available regarding immunosuppressive drugs affecting the
humoral alloresponse after organ transplantation.

8.1. Intravenous immunoglobulins (IVIG)

The immunomodulatory effects of IVIG are multiple, and the exact mechanisms are not
elucidated. However, effective alloantibody inhibition by IVIG was shown in the context of
desensitization protocols only relying on high dose IVIG treatment (Jordan et al., 2003). IVIG
inhibits mixed lymphocyte reactions and induces apoptosis mainly in B cells (Toyoda et al.,
2004). There are numerous proposed mechanisms how IVIG exerts its immunomodulatory
action. They include modification of circulating alloantibody concentration through induction
of antiidiotypic circuits, antigen binding through the Fab part of the immunoglobulin mole‐
cule, Fc receptor-mediated interaction with antigen-presenting cells to block T- and B-cell
activation, and inhibition of complement activity (Jordan et al., 2006).

In vivo, IVIG reduces the number of B cells and monocytes, and it reduces CD19, CD20 and
CD40 expression by B cells, thereby modulating B-cell signaling (Jordan et al., 2003). IVIG
inhibits binding of donor-reactive antibodies to target cells in ∼80% of patients, indicating that
the presence of blocking antibodies might explain the efficacy of IVIG, although the mechanism
is not known (Jordan et al., 2003). Billing and colleagues (Billing et al., 2008) studied Six
pediatric renal transplant recipients with CAMR and gave them four weekly doses of IVIG (1
g/kg body weight per dose), followed by a single dose of rituximab (375 mg/m2 body surface
area) 1 week after the last IVIG infusion. Median glomerular filtration rate during 6 months
before intervention dropped by 25 (range, 11–26) mL/ min/1.73m2 (P<0.05) and increased in
response to antihumoral therapy by 21 (-14 to+30) 6 months (P<0.05) and by 19 (-14 to+_23)
mL/min/1.73 m2 12 months (P=0.063) after start of treatment. Glomerular filtration rate
improved or stabilized in 4 patients; the two non-responders had the highest degree of
transplant glomerulopathy, the highest degree of C4d deposition in peritubular capillaries and
pronounced interstitial inflammation. The treatment regimen was well tolerated. Another
study conducted by Fehr and colleagues (Fehr et al., 2009) who reported four kidney allograft
recipients suffering from chronic AMR 1 to 27 years post-transplant, who were treated with a
combination of rituximab and intravenous immunoglobulin (IVIG) with improved kidney
allograft function in all four patients, whereas donor-specific antibodies were reduced in 2 of
4 patients.
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measuring its mRNA profiles in graft biopsies, blood, and urine from healthy volunteers and
kidney transplant recipients with different histologic and/or clinical diagnoses. For testing this,
mRNA expression in 76 graft biopsies, 71 blood samples, and 11 urine samples were profiled
from independent cohorts of renal transplant patients with different histologic diagnoses
recruited at two European centers. TRIB1 but not TRIB2 or TRIB3 was found to be a potential
blood and tissue (but not urine) biomarker of chronic antibody-mediated rejection. Moreover,
TRIB1 mRNA in the blood was more specific and sensitive for diagnosing chronic AMR than
TRIB1 mRNA in biopsies.

TRIB1 mRNA levels in peripheral blood mononuclear cells discriminated patients with chronic
antibody-mediated rejection from those with other types of late allograft injury with high
sensitivity and specificity, suggests TRIB1 to be a marker of an active immune response.
Overall, these data support the potential use of TRIB1 as a biomarker of chronic antibody-
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response, only very few data are available regarding immunosuppressive drugs affecting the
humoral alloresponse after organ transplantation.
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The immunomodulatory effects of IVIG are multiple, and the exact mechanisms are not
elucidated. However, effective alloantibody inhibition by IVIG was shown in the context of
desensitization protocols only relying on high dose IVIG treatment (Jordan et al., 2003). IVIG
inhibits mixed lymphocyte reactions and induces apoptosis mainly in B cells (Toyoda et al.,
2004). There are numerous proposed mechanisms how IVIG exerts its immunomodulatory
action. They include modification of circulating alloantibody concentration through induction
of antiidiotypic circuits, antigen binding through the Fab part of the immunoglobulin mole‐
cule, Fc receptor-mediated interaction with antigen-presenting cells to block T- and B-cell
activation, and inhibition of complement activity (Jordan et al., 2006).

In vivo, IVIG reduces the number of B cells and monocytes, and it reduces CD19, CD20 and
CD40 expression by B cells, thereby modulating B-cell signaling (Jordan et al., 2003). IVIG
inhibits binding of donor-reactive antibodies to target cells in ∼80% of patients, indicating that
the presence of blocking antibodies might explain the efficacy of IVIG, although the mechanism
is not known (Jordan et al., 2003). Billing and colleagues (Billing et al., 2008) studied Six
pediatric renal transplant recipients with CAMR and gave them four weekly doses of IVIG (1
g/kg body weight per dose), followed by a single dose of rituximab (375 mg/m2 body surface
area) 1 week after the last IVIG infusion. Median glomerular filtration rate during 6 months
before intervention dropped by 25 (range, 11–26) mL/ min/1.73m2 (P<0.05) and increased in
response to antihumoral therapy by 21 (-14 to+30) 6 months (P<0.05) and by 19 (-14 to+_23)
mL/min/1.73 m2 12 months (P=0.063) after start of treatment. Glomerular filtration rate
improved or stabilized in 4 patients; the two non-responders had the highest degree of
transplant glomerulopathy, the highest degree of C4d deposition in peritubular capillaries and
pronounced interstitial inflammation. The treatment regimen was well tolerated. Another
study conducted by Fehr and colleagues (Fehr et al., 2009) who reported four kidney allograft
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8.2. Rituximab

Rituximab, a chimeric monoclonal anti-CD20 antibody directed against B cells, prevents new
antibody production by depletion of B cells as precursors of mature plasma cells in the
circulation and the lymphoid tissue {although, some recent reports demonstrated that
depletion in secondary and tertiary lymphoid structures is far less efficient and may not affect
an ongoing localized humoral immune response (Genberg et al., 2006; Thaunat et al., 2008)},
prevention of B-cell proliferation, and induction of apoptosis and lysis of B cells through
complement-dependent and -independent mechanisms (Salama & Pusey, 2006). Rituximab
binds CD20 at the surface of precursor and mature B cells and leads to transient B-cell
depletion, with typical B-cell recovery after 6–12 months in more than 80% of patients, although
the degree of depletion is highly variable and is observed for up to 24 months in some
individuals (Sureshkumar et al., 2007).An additional potential mechanism of action of
rituximab is the direct targeting of CD20-positive cells that infiltrate the graft (Steinmetz et al.,
2007). Preliminary studies indicate that rituximab decreases the concentration of pre-existing
and post-transplantation antibodies (Gloor et al., 2003; Vieira et al., 2004). Conclusions and
extrapolations from these studies are limited, because rituximab is usually combined with
other therapies in these small and uncontrolled trials. The risk of bacterial infection as a result
of immunoglobulin deficiency is also an important consideration. Based on the pathophysio‐
logic condition of this rejection process and efficacy of rituximab in B cells and antibody-
mediated autoimmune diseases (Eisenberg & Albert, 2006; Levesque & St Clair, 2008), a
combination treatment with rituximab/IVIG represents a logical approach.

8.3. Mycophenolic acid and sirolimus

In a multicenter study, MMF in combination with cyclosporine resulted in significantly lower
frequencies of HLA antibodies when compared with azathioprine and cyclosporine treatment
(Terasaki & Ozawa, 2004). Moreover, MMF was described to be effective in inhibiting primary
antigen-specific antibody responses in renal transplant patients (Rentenaar et al., 2002). Heidt
et al (Heidt et al., 2008) stimulated purified human B cells devoid of T cells with CD40L
expressing L cells, or by anti-CD40mAb with or without Toll-like receptor triggering, all in the
presence of B-cell activating cytokines. These three protocols resulted in various degrees of B-
cell stimulation. Then, they added four commonly used immunosuppressive drugs (tacroli‐
mus, cyclosporin, mycophenolic acid [MPA], and rapamycin) to these cultures and tested a
variety of parameters of B-cell activity including proliferation, apoptosis induction, and both
IgM and IgG production. They found that MPA was extremely potent in inhibiting both
proliferation and immunoglobulin production. Moreover, these effects persisted when MPA
was added to already activated B cells, implying that an ongoing B-cell response may be
dampened by MPA, whereas calcineurin inhibitors are ineffective. MPA levels used are lower
than levels that are usually achieved physiologically.

In the same in vitro experiments, rapamycin, like MMF, was described to be extremely potent
in inhibiting humoral responses. Rapamycin was the most effective drug tested, as it inhibited
not only B-cell proliferation and immunoglobulin production, but also inhibited the number
of immunoglobulin producing cells. None of the other drugs tested were capable of decreasing
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the number of immunoglobulin producing cells. By contrast, tacrolimus and cyclosporin
marginally inhibited B-cell proliferation and immunoglobulin production, and the extent of
inhibition depended on the degree of the B-cell stimulation.

8.4. Bortezomib

While the B cell-depleting anti-CD20 antibody rituximab is increasingly incorporated in
treatment protocols of humoral rejection (Faguer et al., 2007), this reagent is neither effective
in eliminating antibody-producing plasma cells (PC) – either newly created from memory or
naıïve B cells or from those that existed prior to transplant- nor does it decrease circulating
antibody titers (Singh et al., 2009). For an effective blockade of alloantibody formation, a
specific PC-depleting reagent would be desirable. Bortezomib (BZ), a selective inhibitor of the
26S proteasome, has been approved by FDA for the treatment of relapsed multiple myeloma.
Mechanisms of BZ action include inhibition of NF-κ B and cytokine expression as well as
induction of apoptosis as a result of activation of the terminal unfolded protein response
(Meister et al., 2007). Susceptibility to BZ-induced apoptosis is related to the high immuno‐
globulin synthesis rate of PCs associated with accumulation of unfolded proteins/DRiPs
inducing endoplasmatic reticulum stress (Meister et al., 2007). Moreover, BZ not only acted on
the humoral response but also effectively inhibited the influx of MHC class II+ cells, mono‐
cytes/macrophages, CD8+ as well as CD4+ T cells. In animal models, Vogelbacher and
colleagues (Vogelbacher et al., 2010) found that combination of Bortezomib and sirolimus
inhibit the chronic active antibody-mediated rejection in experimental renal transplantation
in the rat. In humans, data are lacking. In one case report, Bortezomib failed to treat CAMR
even after treatment with rituximab and IVIG.

Perry and colleagues (Perry et al., 2009) described two sensitized patients with AMR treated
in February 2007 using a combination of bortezomib and multiple plasmapheresis. Both
patients had resolution of AMR and decreased serum DSA levels months after treatment.
Neither developed transplant glomerulopathy. In a slightly different clinical setting, Everly
and colleagues (Everly et al., 2008) used bortezomib to treat six patients who had combined
AMR and cellular rejection occurring from 3 months to 7.5 years after transplant. All six
patients showed resolution of AMR with a decrease in DSA levels after treatment. Unfortu‐
nately, three of the six patients developed transplant glomerulopathy. Flechner and coworkers
(Flechner et al., 2010) treated 20 cases (16 kidney-only and 4 kidney-combined organ recipients)
with AMR 19.8 months (range 1-71 months) posttransplant using a combined regimen of
intravenous corticosteroids followed by a 2-week cycle on days 1-4-8-11 of plasmapheresis and
1.3 mg/m2 bortezomib; then 0.5 mg/kg intravenous immunoglobulin four times. They found
that the bortezomib-containing regimen demonstrated activity in AMR but seems to be most
effective before the onset of significant renal dysfunction (serum creatinine <3 mg/dL) or
proteinuria (<1 g/day).

Compared to rituximab, Waiser and colleagues (Waiser et al., 2012) found that patients with
AMR treated with bortezomib had better graft survival At 18 months after treatment (P = 0.071)
and renal function at 9 months was superior in patients treated with bortezomib as compared
to rituximab-treated patients (P= 0.008). Whereas these early clinical experiences with protea‐
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patients showed resolution of AMR with a decrease in DSA levels after treatment. Unfortu‐
nately, three of the six patients developed transplant glomerulopathy. Flechner and coworkers
(Flechner et al., 2010) treated 20 cases (16 kidney-only and 4 kidney-combined organ recipients)
with AMR 19.8 months (range 1-71 months) posttransplant using a combined regimen of
intravenous corticosteroids followed by a 2-week cycle on days 1-4-8-11 of plasmapheresis and
1.3 mg/m2 bortezomib; then 0.5 mg/kg intravenous immunoglobulin four times. They found
that the bortezomib-containing regimen demonstrated activity in AMR but seems to be most
effective before the onset of significant renal dysfunction (serum creatinine <3 mg/dL) or
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Compared to rituximab, Waiser and colleagues (Waiser et al., 2012) found that patients with
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some inhibition are encouraging, the lack of controls is a major limitation in assessing true
efficacy. In addition, since even successfully treated AMR can still result in the development
of chronic transplant glomerulopathy, the prevention of AMR might be a more important goal
of these types of therapies.

8.5. Eculizumab (Terminal complement inhibition with eculizumab)

Almost all episodes of AMR are accompanied by evidence of early complement activation as
demonstrated by C4d staining of the peritubular capillaries (Burns et al., 2008). However, the
exact role of complement in the pathogenesis of AMR is unclear. Eculizumab is a humanized
monoclonal antibody with high affinity for C5 and thus blocks the activation of terminal
complement. Eculizumab is approved by the FDA for the treatment of paroxysmal nocturnal
hemoglobinuria. Locke et al. (Locke et al., 2009) reported the successful treatment of a patient
with severe AMR using eculizumab. Stegall and colleagues reported their initial experience
with eculizumab treatment at the time of transplant showing that blockade of terminal
complement prevented the development of AMR in patients who developed high levels of
DSA post transplant (Stegall et al., 2009). Stegall et al also examined the efficacy of eculizumab
in the prevention AMR in sensitized renal transplant recipients with a positive crossmatch
against their living donor (Stegall et al., 2011). The incidence of biopsy-proven AMR in the first
3 months posttransplant in 26 highly sensitized recipients of living donor renal transplants
who received eculizumab posttransplant was compared to a historical control group of 51
sensitized patients treated with a similar plasma exchange-based protocol without eculizu‐
mab. The incidence of AMR was 7.7% in the eculizumab group compared to 41.2% in the
control group (P = 0.0031). Eculizumab also decreased AMR in patients who developed high
levels of DSA early after transplantation that caused proximal complement activation. With
eculizumab, AMR episodes were easily treated with plasma exchange reducing the need for
splenectomy. On 1-year protocol biopsy, transplant glomerulopathy was found to be present
in 6.7% eculizumab-treated recipients and in 35.7% of control patients (P = 0.044).

Taken together, these studies suggest that terminal complement activation may play a critical
role in the pathogenesis of early AMR. Thus, eculizumab may provide an attractive approach
to the prevention of AMR.

8.6. Future therapies with new targets

8.6.1. B cells

Memory B cells are heterogeneous but have cell-surface markers (CD24, CD27, CD43 and
CD79b) that are potential therapeutic targets (McHeyzer-Williams & McHeyzer-Williams,
2005). B cells also express TACI (transmembrane activator and calcium-modulating cyclophi‐
lin-ligand interactor), BCMA (B-cell maturation antigen) and BAFF receptor (B-cell-activating
factor receptor), all of which are members of the TNF-receptor family that are triggered by the
ligands BAFF and APRIL (a proliferation inducing ligand), which are expressed at the cell
surface of DCs (Craxton et al., 2003). A soluble TACI–immunoglobulin fusion protein blocks
B-cell development by inhibiting the interaction between B cells and DCs (Gross et al., 2001).

Current Issues and Future Direction in Kidney Transplantation432

These cell-surface markers might be useful targets to prevent the development of B cells into
plasma cells.

8.6.2. Plasma cells

Normal  plasma cells  express  little  or  no CD20 and are  therefore  resistant  to  rituximab-
mediated  depletion.  Several  cell-surface  molecules  that  are  expressed  by  plasma  cells
might  be  considered  as  drug  targets  —  syndecan-1  (CD138),  CD38,  α4β1-integrin
(CD49d–CD29) and CXC-chemokine receptor 4 (CXCR4) — although none of these is en‐
tirely plasma-cell  specific.  Plasma-cell  longevity is thought to be an extrinsic phenomen‐
on that  is  mediated by survival  signals  delivered by bone-marrow stromal cells  (Colvin
& Smith, 2005). Because the transcription factors BLIMP1 (B-lymphocyte-induced matura‐
tion protein 1)  and XBP1 (X-box-binding protein 1)  (as  well  as  the  repression of  PAX5,
paired box gene 5)  are required to maintain plasma-cell  function,  their  inhibition might
result in the loss of plasma-cell function (Shapiro-Shelef & Calame, 2005).

8.6.3. Complement antagonists

Complement antagonists could prevent the acute pathological effects of complement activa‐
tion. For example, soluble CR1 delays antibody-mediated rejection in xenograft models but is
insufficient to prevent graft rejection completely (Azimzadeh et al., 2003). Other complement
antagonists, such as C5-specific antibody, which blocks activation of C5 and formation of both
C5a and the MAC, are in ongoing evaluation. Transgenic expression of human complement-
regulatory proteins (DAF and CD59) in pigs has shown potency for preventing xenograft
rejection (Menoret et al., 2004), but the relevance of these studies to allografts needs to be
extended and tested.

9. Summary

Immunologic barriers once considered insurmountable are now consistently overcome to
enable more patients to undergo organ transplantation. Alloantibodies are a substantial
obstacle to short- and long-term graft survival. To prevent or reduce alloantibody titres, more
insights are needed to improve our understanding of the regulation of B cells and the devel‐
opmental and differentiation pathways of memory B cells and plasma cells.

Several important issues regarding AMR remain. First, the immunologic mechanisms respon‐
sible for the development of high levels of DSA are still unclear. The contribution of memory
B cells versus the role of pre-existing PCs has important therapeutic implications since each
may have a differential sensitivity to various agents.

Whereas several new therapeutic approaches have emerged, more extensive study and follow-
up are needed to determine if these apparent advances will improve the outcomes of AMR.
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1. Introduction

Kidney transplantation is considered the treatment of choice for patients with end-stage renal
disease, and is associated with improved survival, better quality of life and reduced costs when
compared with dialysis.[1, 2] However, the renal transplantation waiting list is forever
growing, out of proportion to the number of donors.[2, 3] Therefore it is all the more crucial
to develop strategies to extend the life and functionality of every allograft.

Rejection is no longer considered as a primarily T-cell-mediated process. We are fast realising
that inadequate control of the humoral arm of a recipient’s immune system is the pathogenic
factor primarily responsible for allograft dysfunction and loss. The destructive power of anti-
Human Leucocyte Antigen (HLA) alloantibodies and their association with antibody-
mediated rejection (ABMR) has been demonstrated and compelling evidence exists to show
that donor-specific anti-HLA antibodies (DSAs) are largely responsible for the chronic
deterioration of allografts, and may be a major contributor to the entity of chronic allograft
nephropathy (CAN).

ABMR must now be considered to be a spectrum of diseases; which include indolent ABMR,
C4d-negative ABMR, and transplant arteriopathy— in which DSAs have significant patho‐
logical effect. Also it has been shown that arteriosclerosis is accelerated in ABMR.[4-11]

A dynamic and progressive process of injury and repair that ultimately contributes to failure
of the allograft is considered the hallmark of ABMR.[12]

It has been demonstrated that glomerular endothelial swelling, subendothelial widening, and
early glomerular basement membrane duplication (precursor lesions) appear in the first weeks
after transplantation in a substantial number of crossmatch-positive kidney transplant
recipients.[13] Thus suggesting that the process of chronic antibody-mediated changes
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(transplant glomerulopathy) may occur earlier than previously reported.[12, 13] In addition,
DSAs can emerge at any time after transplantation and need not be present prior to trans‐
plantation.[14] Another important issue is that DSAs may differ in terms of their pathogenicity
and so have varying prognosis. [14]

Currently, treatment options for ABMR are aimed at antibody reduction and the inhibition of
complement activation and injury. These include plasma exchange with low-dose IVIG, high-
dose IVIG and rituximab for antibody reduction, and high-dose IVIG for complement and C3
convertase inhibition and the absorption of complement activation fragments (such as C3a,
C5a and C4b). Eculizumab (monoclonal anti-C5 antibody) and inhibitors of C1 are likely to
show benefit in the prevention and treatment of ABMR.

Advances in B-cell-directed immunotherapeutics will have a considerable impact on DSA
production, and consequently ABMR and allograft loss.

This chapter reviews the current understanding of antibody mediated rejection, and details its
diagnosis, and treatments, both those established in current routine clinical practice and those
on the horizon.

2. Rejection

Over the past two decades, our thinking has changed from considering rejection as a primarily
T-cell-mediated process (one that is now increasingly better managed in the era of more potent
calcineurin inhibitors and broader use of T-cell depleting therapies), to the realization that
insufficient control of the humoral arm of a recipient’s immune system by current immuno‐
suppressive regimens is now the pathogenic factor primarily responsible for allograft dys‐
function and loss.[13, 15, 16] This has changed our perception about allograft losses which
were deemed to be caused by calcineurin inhibitor (CNI) toxicity and chronic allograft
nephropathy (CAN).

Furthermore, the growing incidence of transplantation across HLA and ABO barriers by using
desensitisation programs, but in the face of known DSAs, has led to increased incidence and
a wider variety of ABMR. We are now exposed to a greater spectrum of antibody-mediated
graft injury.

3. Donor Specific Antibodies (DSAs)

Great advances have occurred in solid organ transplantation since the pioneering observation
of Kissmeyer et al.[17] in the 1960s, of the deleterious impact of allo-antibodies in kidney grafts.
About three decades later, the team of Edmonton described rejection episodes following
kidney transplantation related to the presence of anti-HLA donor specific antibodies (DSA)
[18]. The presence of DSAs and positive crossmatches with donors has long been considered
a contraindication to proceeding with transplantation as ABMR and graft loss is highly likely
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to occur in such situations[4]. However, recent data by Montgomery et al.[19] demonstrated a
significant reduction in the risk of mortality among highly sensitized patients who underwent
desensitization and transplantation compared with a well-controlled group of patients who
remained on dialysis. These authors concluded that desensitization followed by living-donor
transplantation offered significant survival benefit and that the survival advantage more than
doubled by 8 years.

In addition to DSAs existing prior to transplant, it has been realised that they can emerge at
any time after transplant, thus mediating allograft injury [14]. These de novo DSAs are different
in their pathogenicity. They are active against class II HLA and are associated with a worse
prognosis than DSAs against Class I HLA [14].

DSAs can cause all types of ABMR, including chronic ABMR, otherwise known as transplant
glomerulopathy.[4, 5, 7-10, 20]

4. ABMR

The pathophysiology of ABMR is not fully understood, but is an area of rapidly expanding
research. Several different patterns of allograft injury have been realised. These are initiated
by DSAs which bind to HLA antigens or to other targets on the allograft endothelium.

As mentioned earlier, the pathogenicity of DSAs is influenced by the isotype of the heavy chain.
Therefore, if DSAs are complement activating (IgG1 and IgG3), by binding IgG and activation
of C1q the classic complement pathway is rapidly activated[21] resulting in rapid loss of graft.
Alternatively, DSAs can bind to endothelial cell targets and stimulate cell proliferation (NK
cells) or induce antibody-dependent cell- mediated cytotoxicity (ADCC) with interferon γ
release.[4, 21]

Antibodies can also bind to HLA and other targets and incompletely activate the complement
system (that is, no C5b-C9 membrane attack complex generation) without causing apparent
injury. This process is referred to as accommodation.[22, 23] In addition, the long-term lack of
ADCC may be related to IgG Fc polymorphisms that lead to the failure of activation of NK
cells through FcγR (CD16)-dependent pathways[24] thus creating a greater degree of difficulty
in assessing pathogenicity of DSAs.

Protocol biopsy studies have shown that substantial oscillations occur in a patient’s humoral
status during the first 12 months after kidney transplantation. These oscillations are charac‐
terized by fluctuations in DSAs, C4d deposition and scores for glomerulitis and/or capillaritis
in a dynamic and multidirectional fashion.[12] Hence, the new concept that allograft injury is
unlikely the result of a single episode of ABMR, but instead that it represents a dynamic process
of injury and repair that begins early after transplantation and continues, unabated, at varying
levels thereafter.[3, 12]

The most florid form of ABMR, hyperacute rejection, has been almost completely eliminated,
owing to greatly improved crossmatching techniques between recipients and prospective
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donors, particularly technologies such as flow-cytometry. These tests are much more sensitive
for detecting a problem due to potential DSAs than older methods such as cell-dependent
cytotocity (CDC). With the waning of hyperacute rejection, the different manifestations of
ABMR that have emerged are indolent ABMR and C4d –negative ABMR.

4.1. Indolent ABMR

Modern therapies can efficiently reverse acute renal dysfunction from ABMR, but they usually
fail to deplete antibody-secreting plasma cells from the spleen and bone marrow of allograft
recipients.[25] Hence, after a clinical episode of acute ABMR, DSAs remain in circulation and
cause slowly progressive microvascular abnormalities without acute compromise of graft
function, at least initially. This truncated form of antibody-mediated injury is called subclinical
or indolent ABMR. [26, 27]

4.2. C4d-negative disease

In 1991, Feucht and co-workers discovered peritubular capillary deposition of C4d, an inactive
product of the classic complement pathway [28] in the histology of cases of ABMR. This greatly
improved the understanding and diagnosis of ABMR. It was called the “footprint” of antibody
mediated tissue injury. It soon became a requisite to test for C4d in all transplant allograft
biopsies. However, it has been recognised over time that C4d may only be the tip of the iceberg
of the humoral process and that it was neither completely specific nor sufficiently sensitive for
the diagnosis of ABMR[12, 29, 30].

C4d negative ABMR usually occurs more than 12 months after transplantation, but can occur
acutely in highly sensitised patients with persistent DSAs (even after desensitisation).

There have been many theories put forth to explain the presence of microvascular inflamma‐
tion on biopsy and presence of DSAs in circulation, without any evidence of complement
deposition. One is the technical issues related to type of fixative used and different methods
of C4d detection. Another is that some DSAs are poor at fixing complement. Also, some believe
the existence of a complement-independent pathway.[4] Furthermore, it is thought that as a
result of treatment of high risk patients, the clinical and histological presentation of ABMR has
changed.[3]

4.3. Acceleration of arteriosclerosis

This phenomenon has been recognised for many decades. It is evidenced by monocytic and
lymphocytic inflammation of the intima, myofibroblast proliferation and extracellular matrix
deposition causing mild to severe intimal arteritis and compromise of the lumen. It is a major
component of graft rejection but thought to be cell mediated. However, in 2003 Banff criteria,
the v3 lesions have been classified to reflect probable ABMR. More and more, studies have
shown that even v1 and v2 lesions occur in ABMR.[31]

Studies suggest that in DSA-positive patients there is significant acceleration of arteriosclero‐
sis.[11] Pathological examination demonstrated that while there is active ABMR, the intima is
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hypercellular, laying down new collagen over older (usually originating from donor). Once
ABMR is brought under control, the myofibroblasts stop proliferating, and the intima is no
longer hypercellular. What is left behind is a lesion no different from simple arteriosclerosis
of aging. This is termed “transplant arteriopathy”.[11, 32]
Chronic Antibody Mediated Rejection First described in 2001[33], the natural history of
chronic humoral rejection is now well known.[12, 29, 34] The presence of DSAs activates the
classical complement pathway causing peritubular multilamination and transplant glomer‐
ulopathy. These gradually become irreversible and cause permanent graft dysfunction. The
main challenges are when to initiate treatment and how to treat it, as it may be too late to
slow or halt the progress of this injury.[34, 35]

5. Pathology of antibody-mediated rejection

Antibody-mediated rejection (ABMR) was described in the early 1990s but was not incorpo‐
rated into the Banff classification until 2001. Now, due to an expanding spectrum of clinical
disease, two phenotypes of acute antibody-mediated rejection have been postulated and the
chronic form of ABMR is recognized as a leading cause of late allograft failure. The histology
of acute and chronic ABMR remains non-specific however.

5.1. Acute antibody-mediated rejection

Three patterns of tissue injury reflect acute antibody-mediated damage. These are acute
tubular injury (Figure 1), inflammation of glomerular and/or peritubular capillaries (so-called
microcirculation inflammation) (Figure 2 and 3), and fibrinoid necrosis of arteries (v3 lesion)
(Figure 4). Microcirculation inflammation may include a TMA-like pattern as well. It is
immediately obvious that all three types are not specific for ABMR and may be encountered
in a variety of clinical settings in the transplanted kidney. For example, the acute tubular injury
pattern is similar to that produced by ischaemia and capillaritis can be seen in the setting of
acute tubular necrosis or acute cellular rejection.

For these reasons, it was recommended that histology be correlated with C4d immunomicro‐
scopy and donor-specific antibodies (DSA) status. The former is an inactive fragment, split
from its parent molecule C4b during activation of the classical complement pathway, but due
to covalent binding with the endothelium, able to persist at sites of complement activation.
This covalent binding can be demonstrated with immunoperoxidase or immunofluorescent
(Figure 5 and 6) techniques and serves as a marker of complement activation. Neither method
is sensitive enough to detect all cases of ABMR.

A positive C4d result on renal biopsy shows linear, circumferential endothelial reaction in peri‐
tubular capillaries by either method, although the immunoperoxidase signal may be less intense
by one grade. Interrupted, granular deposition is considered non-specific. Diffuse and focal line‐
ar reaction in peritubular capillaries appears to correlate with glomerulitis and presensitization
[36], however an important caveat is the ABO-incompatible renal allograft. In this situation, dif‐
fuse linear C4d may be seen in the absence of tissue injury and graft dysfunction.
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Figure 1. Acute tubular necrosis (ATN) in acute ABMR

Figure 2. Glomerulitis (infiltration of capillary loops by monocytes [white arrows])
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Figure 3. Peritubular Capillaritis (dilatation of capillaries and margination of monocytes [white arrows])

Figure 4. Fibrinoid necrosis of small arteries (v3 lesion)
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Figure 5. Diffuse C4d staining (immunoperoxidase method)

Figure 6. Diffuse C4d staining (immunofluorescence method)
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The most recent Banff meeting update highlights two major phenotypes of ABMR. The first
type appears early in the post-transplant period in a presensitized patient and is more likely
to be C4d-positive. The second type develops late post-transplant, is due to de novo DSA
development and is likely to be C4d-negative [36]. The second phenotype is an important factor
in late graft loss[37]. It appears that Class II HLA molecules may be responsible and that much
of the endothelial damage is mediated by NK cells and, to a lesser extent, monocytes and
neutrophils (antibody-dependent cell-mediated cytotoxicity (ADCC) [38].

5.2. Chronic antibody-mediated rejection

Microcirculation Injury

The term “chronic ABMR” does not relate to a particular time post-transplantation, but rather
to architectural remodelling which can affect all compartments of the biopsy. In addition,
active ABMR may be superimposed on these changes. (Figure 7)

Figure 7. Active chronic ABMR. Severe peritubular capillaritis is seen in the setting of interstitial fibrosis (ci) and tubu‐
lar atrophy (ct)

The hallmarks of chronic ABMR are transplant glomerulopathy (TG) and multilayering of
peritubular capillary basement membranes, with or without transplant arteriopathy (TA) and
interstitial fibrosis and tubular atrophy, indicating that the microcirculation is the main target
of humoral attack. Transplant glomerulopathy manifests as double contours in silver-stained
sections and is well demonstrated by electron microscopy (figure 8). There is widening of the
subendothelial space by flocculent material and eventual duplication of the glomerular
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basement membrane. It has been shown in protocol biopsies that ultrastructural changes of
endothelial cell injury such as cell activation and loss, can be detected within weeks of
transplantation [39], pre-dating more permanent changes like mesangial matrix expansion and
glomerular basement membrane duplication.

Figure 8. Electron microscopy showing a widened subendothelial space containing flocculent material (thick arrow).
Duplication of the glomerular basement membrane is present (thin arrows).

Despite its close correlation with DSA, TG may not be specific for chronic ABMR, with
significant numbers of TG cases reportedly due to hepatitis C and thrombotic microangiopathy
[40]. Superimposed active antibody-mediated injury produces endocapillary proliferation
and, together with double contour formation, a mesangiocapillary-like pattern in glomeruli
(Figure 9). This is not accompanied by immunofluorescence findings typical of that type of
glomerulonephritis and no diagnostic deposits are seen by electron microscopy.

The endothelium of peritubular capillaries can also display early ultrastructural evidence of
damage before remodelling of the basement membrane occurs. Moderate to severe lamination
(>5 layers of basement membrane) is seen in chronic ABMR whereas mild lamination (2-5
layers) may be due to causes other than antibody-mediated rejection in the transplant kidney
and is also seen in native renal disease [39].

A study by Sis and co-workers [41] found that approximately 40% of cases with transplant
glomerulopathy were C4d negative despite having circulating antibodies and showing high
endothelial cell-associated transcript (ENDAT) expression. ENDATs represent altered gene
expression due to the effects of alloantibody and are thought to be a sensitive indicator of
ABMR. This same study reported a high percentage of graft loss when both antibodies and
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high ENDAT expression were present; graft loss was even higher when the biopsies showed
diffuse C4d positivity as well. Although currently experimental, the detection of high EN‐
DAT expression may prove useful in cases with circulation DSA and C4d-positivity on biop‐
sy but lacking histologic evidence of tissue damage.

Figure 9. Active chronic ABMR. Glomerulitis is superimposed on changes of transplant glomerulopathy.

Vascular lesions

The lesion of Transplant Arteriopathy TA is characterized by expansion of the arterial in‐
tima by fibrous tissue and a variable amount of inflammation. Originally, TA was attrib‐
uted to  chronic  T-cell  mediated rejection (TCMR) but  it  more likely reflects  generalized
scarring seen in  the  aging kidney allograft,  the  causes  of  which include ABMR. A per‐
centage of v1 and v2 lesions, also previously thought to be result of TCMR, may also be
associated with DSA and microcirculation injury [31].

Scarring and hyalinosis

A cluster analysis of 234 indicated renal allograft biopsies by Sis and co-workers [31] revealed
an association amongst arteriolar hyalinosis (ah), interstitial fibrosis (ci), tubular atrophy (ct)
and transplant arteriopathy (cv). In the past, these features were thought to be the result of
chronic calcineurin inhibitor use but it appears that they are non-specific and may be encoun‐
tered in a variety of settings in the renal allograft, including ABMR. Arteriolar hyalinosis, in
particular, is commonly encountered in the aging kidney, hypertensive nephrosclerosis and
diabetic nephropathy.

Advances in Antibody Mediated Rejection
http://dx.doi.org/10.5772/54855

455



basement membrane. It has been shown in protocol biopsies that ultrastructural changes of
endothelial cell injury such as cell activation and loss, can be detected within weeks of
transplantation [39], pre-dating more permanent changes like mesangial matrix expansion and
glomerular basement membrane duplication.

Figure 8. Electron microscopy showing a widened subendothelial space containing flocculent material (thick arrow).
Duplication of the glomerular basement membrane is present (thin arrows).

Despite its close correlation with DSA, TG may not be specific for chronic ABMR, with
significant numbers of TG cases reportedly due to hepatitis C and thrombotic microangiopathy
[40]. Superimposed active antibody-mediated injury produces endocapillary proliferation
and, together with double contour formation, a mesangiocapillary-like pattern in glomeruli
(Figure 9). This is not accompanied by immunofluorescence findings typical of that type of
glomerulonephritis and no diagnostic deposits are seen by electron microscopy.

The endothelium of peritubular capillaries can also display early ultrastructural evidence of
damage before remodelling of the basement membrane occurs. Moderate to severe lamination
(>5 layers of basement membrane) is seen in chronic ABMR whereas mild lamination (2-5
layers) may be due to causes other than antibody-mediated rejection in the transplant kidney
and is also seen in native renal disease [39].

A study by Sis and co-workers [41] found that approximately 40% of cases with transplant
glomerulopathy were C4d negative despite having circulating antibodies and showing high
endothelial cell-associated transcript (ENDAT) expression. ENDATs represent altered gene
expression due to the effects of alloantibody and are thought to be a sensitive indicator of
ABMR. This same study reported a high percentage of graft loss when both antibodies and

Current Issues and Future Direction in Kidney Transplantation454

high ENDAT expression were present; graft loss was even higher when the biopsies showed
diffuse C4d positivity as well. Although currently experimental, the detection of high EN‐
DAT expression may prove useful in cases with circulation DSA and C4d-positivity on biop‐
sy but lacking histologic evidence of tissue damage.

Figure 9. Active chronic ABMR. Glomerulitis is superimposed on changes of transplant glomerulopathy.

Vascular lesions

The lesion of Transplant Arteriopathy TA is characterized by expansion of the arterial in‐
tima by fibrous tissue and a variable amount of inflammation. Originally, TA was attrib‐
uted to  chronic  T-cell  mediated rejection (TCMR) but  it  more likely reflects  generalized
scarring seen in  the  aging kidney allograft,  the  causes  of  which include ABMR. A per‐
centage of v1 and v2 lesions, also previously thought to be result of TCMR, may also be
associated with DSA and microcirculation injury [31].

Scarring and hyalinosis

A cluster analysis of 234 indicated renal allograft biopsies by Sis and co-workers [31] revealed
an association amongst arteriolar hyalinosis (ah), interstitial fibrosis (ci), tubular atrophy (ct)
and transplant arteriopathy (cv). In the past, these features were thought to be the result of
chronic calcineurin inhibitor use but it appears that they are non-specific and may be encoun‐
tered in a variety of settings in the renal allograft, including ABMR. Arteriolar hyalinosis, in
particular, is commonly encountered in the aging kidney, hypertensive nephrosclerosis and
diabetic nephropathy.

Advances in Antibody Mediated Rejection
http://dx.doi.org/10.5772/54855

455



6. Treatment

There has been significant development of newer and more specific therapies for ABMR. These
are aimed at depleting B cells, antibodies and inhibiting complement, owing to the unique role
of antibody and effector molecules in the process of ABMR. The therapeutic options include
intensification of maintenance immunosuppression (e.g. tacrolimus and mycophenolate),
plasmapheresis/plasma exchange, intravenous immunoglobulin (IVIg), corticosteroids and
antilymphocyte antibodies. Rituximab, splenectomy, bortezomib, and eculizumab have also
emerged as adjunctive or experimental therapies.

6.1. IVIg

The mechanism of action and the optimal dose of IVIg that should be administered in ABMR
are poorly understood.[42], but it is thought to have an immunomodulatory effect. The
proposed beneficial properties include compliment inhibition, suppression of immunoglobu‐
lin synthesis.[43, 44] High dose IVIg inhibits C3 convertase and the ability to absorb comple‐
ment activation fragments (e.g. C3a,C5a and C4b).[45]

There have been retrospective studies reporting improved one year graft survival in cases of
steroid and antithymocyte resistant ABMR treated with protocols incorporating IVIg and
plasmapheresis/ plasma exchange.[46-49] The need to combine plasma exchange is however,
unclear.[42]

6.2. Plasma exchange/plasmapheresis

Plasma exchange removes antibodies from the circulation. In the case of ABMR it is thought
to be efficacious through the removal of DSAs. However, it does not suppress further pro‐
duction. In fact, it may stimulate rebound immunoglobulin production if used on its own. It
is hence necessary to use it in conjunction with strategies which target antibody production
(for example, the anti-CD20 monoclonal antibody rituximab). ABMR treatment protocols may
utilise plasma exchange depending upon the antibody titre, the affinity of the antibody for the
antigen, the dose of IVIg and use of other agents.[42]

6.3. Rituximab

This is a humanised mouse monoclonal antibody that targets CD20, which is expressed on the
majority of B cells. However, most plasma cells lack CD20 and are unaffected by Rituximab.
Hence, its role will be as an adjunctive treatment. A recent single centre study compared
outcomes in 24 cases of ABMR treated with either high dose IVIg (2g/kg for four doses) versus
plasmapheresis plus IVIg (100mg/kg) for four treatments followed by IVIg (2g/kg for four
doses) and two doses of rituximab (375mg/m2). Improved 3-year survival (92% vs. 50%) and
significantly reduced DSA at 3 months was observed in the plasmapheresis/IVIg/rituximab
group.[6] It has also been seen to be effective when used as part of desensitization protocol in
ABO- incompatible (ABOI) transplants, although there is concern over the cost of increased
infections in recipients of such transplants. One study reported \patients who received B-cell
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depletion with rituximab as an induction agent had significant reductions in DSA generation
and rates of chronic transplant glomerulopathy over 5 years compared with ABO-compatible
low-risk transplant recipients who did not receive rituximab.[50]

6.4. Eculizumab

Drugs that inhibit compliment and C1 are likely to show benefit in the prevention and
treatment of ABMR and currently they are many human trials being conducted to evaluate
their effect.[3, 51]

Eculizumab is an antibody against complement protein C5, and hence, inhibits the formation
of the membrane attack complex (MAC). It is approved for use in paroxysmal nocturnal
hemoglobinuria (PNH) and has had promising results in treatment and ongoing management
of atypical haemolytic uraemic syndrome, for which it has also recently been approved for
use. It is, however, and extremely expensive therapy. A single case reported the use of
eculizumab in combination with plasmapheresis/IVIg to rescue a renal allograft undergoing
severe ABMR, and showed significant reduction in C5b-C9 (MAC) complex deposition in the
kidney.[52]

6.5. Splenectomy

The role of splenectomy in treating ABMR is not yet known. Case reports have demonstrated
that it may be useful as a rescue treatment in severe ABMR.[53] Majority of its use has been in
preventing hyperacute rejection in ABOI transplants [54, 55]. There remains concern over the
increased infection risk in splenectomised patients, particularly due to encapsulated organ‐
isms, and vaccination against Meningococcus and Pneumococcus is warranted where possible
prior to splenectomy to mitigate this risk.

7. Conclusion

Significant progress has occurred in the understanding of ABMR. Diagnosis, classification and
treatment of this process have evolved greatly. However, standardisation of diagnostic tests
(DSA-testing), and development of evidence-based treatment guidelines is still lacking.
Currently, protocols are individualised among different centres and based largely on anecdotal
and/or local experience. ABOI and HLA desensitisation protocols (not detailed in this chapter)
also need to gain excellent long term results to justify the tremendous cost involved in order
to reduce the growing number of sensitised potential recipients on the waiting list. Paired
donor exchange programs, although fraught with major logistic as well as some ethical and
occasionally legal concerns, may be part of the solution to provide allografts to some of these
difficult-to-transplant individuals in order to improve their quality and quantity of life. Such
recipients, after successful transplantation, will be at increased risk of ABMR and will need
good monitoring and treatment strategies to enable successful long-term outcomes.
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1. Introduction

Tolerance in human transplantation can be defined in two ways [1]. Clinical tolerance (also
referred to as clinical operational tolerance [2]) is the survival of a foreign organ or tissue
(allogeneic or xenogeneic) in a normal recipient in the absence of immunosuppression [1].
Immune tolerance is the absence of a detectable immune response against a functional organ
or tissue in the absence of immunosuppression [1].

Early evidence demonstrating that adult mice could be tolerant of skin grafts after the
induction of neonatal tolerance by the introduction of splenocytes intraperitoneally was shown
by Brent and Medawar, in 1953 [3]. The central role of the thymus in mediating cellular
immunity and graft rejection was established by JFAP Miller, who showed that nude mice
tolerated skin allografts because of a marked deficiency of lymphocytes [4]. Conversely, there
have been recent studies that show that spleen transplantation in pigs or dogs has a tolerogenic
effect on renal transplantation [5, 6]. On the basis of the promising results obtained in these
animal models, several tolerogenic protocols have been attempted in humans, but most have
failed to achieve robust and stable tolerance after renal transplantation. This is due to that the
transplantation immunobiology is very complex, because of the involvement of several
components such as antibodies, antigen presenting cells, helper and cytotoxic T cell subsets,
immune cell, surface molecules, signaling mechanisms and cytokines; which play a role in the
alloimmune response.

2. The alloimmune response

The allogeneic immune response has largely been attributed to the recognition of donor
antigens, presented in the context of human leukocyte antigen (HLA) molecules to T cells,
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which in turn direct a huge array of cellular and humoral responses, causing tissular damage
and graft rejection. This type of response is mediated by the adaptative branch of the immune
system [7].

The immune system can be divided in two components, the innate and adaptative immunity.
The innate immunity, refers to a nonspecific response that involves the recruitment of diverse
components of the immune system such as, macrophages, neutrophils, natural killer cells (NK
cells), cytokines, several cellular receptors, complement components, cytokines, Toll-like
receptors (TLRs), and antimicrobial peptides (AMP’s). The adaptative immunity, which
involves recognition of specific antigen, conferring both specificity and a memory effect [8].
Data suggest that initial allograft injury (such as ischemia) may initiate an innate immune
response (Figure 1A), thus contributing to acute and chronic allograft rejection. Furthermore,
this inflammatory response may initiate and expand the adaptive immune response to the
point where the different HLA antigens come into play for the first time [9]. Some immunol‐
ogist choose not to divide the alloimmune response in adaptative and innate branches;
nevertheless, they are closely related and dependent on each other.

The main and strongest responses to alloantigens are mediated by host T cells, which recognize
peptide antigens presented by antigen presenting cells (APCs) in the context of HLA. The
phenomenon by which the recipient immune system reacts with donor antigens that are
considered to be “non-self” is called allorecognition. Foreign or donor antigen presentation to
T cells may occur by either direct or indirect pathways [10] (Figure 2A).

2.1. Direct allorecogniton pathway

The direct allorecognition pathway involves recognition of intact donor HLA molecules on
the donor cells, usually APCs. This seems to contradict the classic self-HLA restriction property
of T cells, since the peptide being recognized is presented in a non-self HLA, and to date, two
models have been proposed to explain this discrepancy [11].

The “high determinant density” model proposes that the transplanted organ carries a variable
number of passenger APCs in the form of interstitial dendritic cells (DCs). Such APCs have a
high density of allo-HLA molecules and are capable of directly stimulating the recipient's T
cells. Given the very high ligand density, the affinity of alloreactive T cell receptors required
to generate an optimal alloimmune response can be significantly lower compared to that
required for self-HLA peptide complex [12].

In the “multiple binary complex” model, peptides derived from endogenous proteins that are
bound into the groove of donor HLA molecules play a role. These peptides are derived from
the same normal cellular proteins that are present even in the recipient. However, the differ‐
ences in the allo-HLA groove causes a different set of peptides to be presented from homolo‐
gous proteins. These peptides can be recognized by the recipient T cells. Therefore, even a
single HLA mismatch between the donor and the recipient would be able to stimulate a large
number of alloreactive T cells [13].

This pathway is thought to be the dominant pathway involved in the early alloimmune
response (acute graft rejection), as the relative number of T cells that proliferate on contact with
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allogeneic or donor cells is extraordinarily high compared with the number of clones that target
antigen presented by self-APCs [14].

Figure 1. The alloimmune response: (A) ischemia may initiate an innate immune response, (B) which contributes to
acute and chronic allograft rejection. The initial allograft injury, during reperfusion, is associated with generation of
DAMPs for maturation of donor-derived and recipient-derived dendritic cells, (C) which represents the bridge to the
development of an adaptive alloimmune response that results in rejection. Abbreviations: DAMPs, Damage-Associat‐
ed Molecular Patterns; NF- κβ, Nuclear Factor- κappa beta; DC, Dendritic Cell.

2.2. Indirect allorecognition pathway

In the indirect pathway, T cells recognize processed alloantigen presented as peptides by self-
APCs (host-APCs) [11]. The basic premise for indirect allorecognition as a mechanism involved
in allograft rejection is shedding of donor HLA molecules from the graft. These HLA molecules
are then taken up by recipient APCs and presented to CD4+ T cells. Interestingly, there is also
evidence that demonstrates that recipient DCs can acquire and process intact donor HLA
molecules from donor cell debris and stimulate CD8+ T cells by cross priming. Therefore, both
CD4+ and CD8+ T cells mediate indirect allorecognition [11]. The indirect pathway is postu‐
lated to play a dominant role in chronic allograft rejection [15].
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Figure 2. A). Allorecognition process. Two pathways lead to T-cell activation, the direct pathway and the indirect
pathway. The mechanisms of tolerance are: (B) Central tolerance in which T cells migrate from the bone marrow to
the thymus where they are educated, such that those recognizing self-antigens are deleted, and (C) Peripheral mecha‐
nisms of tolerance for self-reactive T cells including AICD, anergy, and suppression by Treg. (D) B-cell awaiting the prop‐
er stimulus of a T-cell to initiate the production of alloantibodies. Two possible scenarios ensure tolerance: deletion of
these self-reactive B cells and receptor editing, which is a process by which a new receptor with altered specificity is
generated through another sequence of B cell receptor gene rearrangements. Abbreviations: HLA, Human Leukocyte
Antigen; APC, Antigen Presenting Cells; TCR, T-cell Receptor; T, T-cell; T reg, regulatory T cells; B, B-cell; IL-2; Interleu‐
kin-2; AICD, Activation-Induced Cell Death.

2.3. Other allorecognition pathways

A third mode of allorecognition, which Lechler’s group has termed the “semi-direct” pathway,
has been recently proposed [16]. This model is based on the transfer of intact HLA molecules
between cells. DCs have been shown to acquire intact HLA class I and II molecules from
exosomes secreted by other DCs and to prime both naïve CD8+ and CD4+ T cells, thereby
inducing an alloimmune response [17,18].

Another mechanism of allorecognition involves NK cells. NK cells may recognize HLA
classical and non-classical type I molecules through interactions with cell surface receptors
called killer cell immunoglobulin-like receptors (KIR, formerly named killer inhibitory
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receptors) that recognize classical HLA class I molecules [19] and CD94/NKG2 receptors that
recognize non-classical HLA class I molecules. Currently, the role of NK cell-mediated
cytotoxicity in allograft rejection remains controversial, but recent data shows that NK cells
are potent alloreactive cells when fully activated with IL-15 and can mediate potent acute skin
rejection, at least in a murine model [20]. While reports continue to provide evidence support‐
ing a role for NK cells in promoting rejection, there are a growing number of studies that
illustrate an alternative role for NK cells in promoting allograft survival and tolerance [21].

2.4. Activation of T cells

Through their specific antigen receptors, T cells are capable of recognizing external antigens
and initiating immune responses. These reactions may be characterized predominantly by cell-
mediated reactions in which effector immune cells play a major role; or by humoral reactions
in which the stimulation of B cells (Figure 2D) may induce antibody responses. The T cells
orchestrate both the initiation and the propagation of immune responses, largely through the
secretion of protein mediators termed cytokines and chemokines. Moreover, recent findings
suggest that a novel subtype of T cells, named regulatory T cells, have an important role in
achieving allograft tolerance [22]. These facts make T cells important targets for immunosup‐
presive therapy and tolerance induction protocols.

T cells require two separate signals before activation occurs. The first signal is antigen specific
and is provided by the interaction of a T cell receptor (TCR) with a peptide antigen presented
within the antigen binding groove of HLA molecules on the surface of APCs (Figure 2A). These
are HLA class I molecules in the case of CD8+ T cells and class II molecules in the case of CD4+
T cells. The second, costimulatory, signal is provided by the interaction of T cell surface
molecules with their ligands on APCs, being the most important the B71-CD28 and CD40-
CD154 interactions. The first signal in the absence of the second signal may lead to T cell
inactivation, anergy, or failure of a Th1 (T helper cell-1) response with a switch to a Th2 (T
helper cell-2) response [23].

The Th1/Th2 response refers to the pattern of cytokines produced by T helper cells. Th1 cells
produce interleukin-12 (IL-12) and interferon gamma (IFN-gamma) inducing macrophage
activation leading to delayed-type hypersensitivity responses. The Th1 response has been
implicated in acute allograft rejection. Th2 cells produce IL-4, IL-5, IL-10, and IL-13, and
provide help for B cell function [24]. IL-4 is a growth factor for B cells and antibody production,
and also can directly inhibit T cell maturation along the Th1 pathway [25]. Such responses have
been associated with allograft tolerance, but are mainly implicated in clearing parasitic
infections and the presentation of allergic diseases.

Once the binding of CD4/CD8 co-receptors stabilizes the immunologic synapse between the
T cell and the APC, tyrosine-based activation motifs on the CD3 complex leads to the phos‐
phorylation of a series of intracellular proteins, resulting in the activation of a variety of
enzymes including calcineurin, and the activation of transcription factors, such as nuclear
factor of activated T cells (NFAT) and NF-κβ, permitting the transcription of different genes,

1 B7-1 (or CD80) and B7-2 (or CD86).
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including HLA class I and IL-2 [26]. There are other important events implicated in the
activation of T cells, including leukocyte migration and the interaction of chemokines with
their receptors.

3. Transplantation tolerance

The alloimmune response can be divided into central and peripheral tolerance, according to the
mechanisms that induce a tolerance state. These are related and not exclusive [27] (Figure 2).

3.1. Central tolerance

Central tolerance is the most important means by which T and B autoreactive lymphocytes are
eliminated in a process termed clonal deletion. T and B cells mature and are educated in the
thymus and the bone marrow, respectively (Figure 2B).

Immature T lineage cells emerge from hematopoietic progenitors in the bone marrow and enter
the thymus without expressing either the TCR or coreceptors. Since they lack CD4 and CD8
antigens, these cells are called double-negative (DN) cells or thymocytes. T cell selection begins
after DN cells have undergone a TCR-mediated rearrangement process and up-regulated both
CD4 and CD8 antigens, thus becoming double-positive (DP) cells [28]. From here, the thymo‐
cyte’s fate is determined by the nature of its interaction with self-peptides that are presented
on the self-HLA molecules of thymic stromal cells. This process is called “the affinity-avidity
model”. If a T cell reacts too strongly with self-antigens presented on bone marrow–derived
APCs, it is eliminated by apoptosis or negative selection in the thymus [29]. Thymocytes with
TCRs that interact with self HLA/peptides with lesser avidity, are positively selected and
evolve into mature T cells that express either the CD4 or CD8 receptor (single positive T cells).
The cells with very low avidity interactions fail to induce survival signals and die within the
thymus. At the end of the process, only 3% of the total number of CD4+CD8+ DP cells are
exported from the thymus, having developed into single positive CD4+ or CD8+ cells [30].

Currently,  it  is  not  completely understood how many peripheral  tissue-specific  antigens
are expressed and presented in the thymus to ensure central T-cell tolerance to antigens
that  will  be  encountered in  the  periphery eventually.  The expression of  peripheral  pro‐
teins in the thymus (such as insulin,  thyroglobulin,  and renal autoantigens) is  driven in
part by a gene called AIRE (autoimmune regulator). Mutations in the AIRE gene result in
a disease known as autoimmune polyglandular syndrome type I.  Interestingly, only cer‐
tain organs and systems are involved, and within these, only particular parts of the organ
tend to be affected, confirming that additional mechanisms must be involved to maintain
systemic tolerance [31].

B cells undergo a similar process, as they are tested for reactivity to self-antigens before they
enter the periphery. Immature B cells, developing in the bone marrow, test antigen through
their antigen receptor, a surface IgM called the B cell receptor (BCR). If signaling through the
BCR is sufficiently weak, immature B cells can be rendered permanently unresponsive or
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anergic. However, if immature B cells are strongly self-reactive, there are two possible
scenarios to ensure tolerance. The first is deletion of these self-reactive B cells. The second is
receptor editing, a process by which a new receptor with altered specificity is generated
through another sequence of B cell receptor gene rearrangements [32].

3.2. Peripheral tolerance

Besides the deletion process of autoreactive cells occurring during central tolerance, some T
or B cells with self-reactivity may escape from the thymus or bone marrow, making the loss
of self-tolerance easier. However, several mechanisms, collectively named peripheral toler‐
ance, can control or eliminate such cells. Peripheral tolerance involves deletion and apoptosis,
anergy, and regulation or suppression (Figure 2C).

3.2.1. Deletion and apoptosis

This mechanism is used to eliminate activated T cells specific for self-antigen. The programmed
cell death, or apoptosis, is also termed activation-induced cell death (AICD). This process is
mediated by the interaction of Fas (CD95) with its ligand (Fas-L or CD95L) on T cells, and can
occur in developing thymocytes as well as mature T cells [33]. IL-2 can activate the STAT 5 sig‐
naling pathway through the IL-2 receptor (IL-2R), which in turn potentiates the up-regulation
of Fas-L and the down-regulation of Bcl2 expression on T cells, thus promoting AICD. Con‐
versely, IL-15 acts as a growth and survival factor for T cells [34, 35]. Since augmented AICD can
induce tolerance through elimination of populations of reactive lymphocytes [36], certain tol‐
erogenic models which use IL-15 antagonists and IL-2 agonists during transplantation havere‐
sulted  in  donor-specific  tolerance  [37].  Further  research  on  this  topic  is  needed  before
considering this peripheral mechanism as a therapeutic approach.

3.2.2. Anergy

The hyporesponsiveness of T or B cells to further antigenic stimulation, also called anergy, is
a process that can result from antigenic stimulation in the absence of costimulation. In the case
of T cells, complete activation requires the presentation of peptide on the HLA molecule to the
TCR (first signal), and costimulatory signals, such as the B7-CD28 and CD40-CD154 interac‐
tions (second signal). The second signal is required to induce the multiple pathways that will
lead to the activation of IL-2 gene transcription, ultimately inducing T cell activation and
proliferation. However, it has been shown that IL-2 production and subsequent signaling
through its receptor, IL-2R, is necessary for T cells to escape anergy, since blocking IL-2/IL-2R
engagement even after stimulation through the TCR and CD28 still results in induction of T
cell anergy [38].

As with T cell activation, B cell activation requires two signals. In this context, naïve B cells
can be anergized if their surface immunoglobulins bind to self-antigens (first signal) in the
absence of the additional necessary T cell signals (second or costimulatory signal) [39].
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including HLA class I and IL-2 [26]. There are other important events implicated in the
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3.2.3. Regulation or suppression

A third mechanism of peripheral tolerance is regulation or suppression of immune responses to
self or foreign antigens. Perhaps, the regulatory T cells (Treg cells) are the most important and
well documented effectors of this mechanism to date. These cells control the type and magni‐
tude of the immune response to foreign antigen to ensure that the host remains undamaged.
Treg cells are also integral to maintaining a lack of response to self-antigens or tolerance [40].

There are two subsets of Treg cells.“Natural” Treg cells, are a thymus-derived population that
constitute about 10% of the CD4 population. Natural Treg cells express CD4, CD25, CTLA4,
and GITR on their surface [41], and express transcription factor Foxp3 intracellularly [42]. The
importance of Foxp3 as the orchestrator of the molecular programs involved in mediating Treg
function has been highlighted by diseases such as IPEX syndrome (immune dysfunction,
polyendocrinopathy, enteropathy and X-linked inheritance), in which a mutation in the Foxp3
gene has been described [43].

The other subset of Treg cells, commonly termed “adaptative” Treg cells, develops in the
periphery, in a thymic-independent manner, following antigen encounter under particular
circumstances, namely exposure to transforming growth factor-β (TGF-β). This leads to the
expression of Foxp3; the hallmark of Treg cells [44]. Data suggesting the role of these cells in
immunologic tolerance has been obtained from different studies in which patients with normal
graft function reportedly possess a smaller Treg population compared with patients having
chronic allograft rejection, suggesting that Treg cells may prevent damage and graft loss [45].
Other groups have shown that certain immunosuppressive protocols are more permissive than
others in generating these populations [46].

The mechanisms by which Treg cells exert their effects are not completely understood. There
have been two main mechanisms proposed. One mechanism requires cell contact between
CD4+CD25+ Treg and responder cells and interaction between CTLA-4 and GITR molecules
[47], while the other mechanism involves the induction of suppression or regulation by newly
generated suppressor T cells in a cytokine-dependent manner through IL-10 and/or TGF β [48,
49]. Although promising, there is still too much to learn, before using this subset of cells for
tolerance induction in renal transplantation.

In addition to Treg cells, there are other cell phenotypes with regulatory properties, such as
CD8+ T cells and certain NK populations [50]. CD8+ T cells with regulatory/suppressive
properties have been named “veto cells”. Such cells maintain peripheral tolerance by attacking
alloreactive T cells which are present in bone marrow with increased frequency, and may be
responsible in part for the reduction in graft versus host disease and the induction of chimerism
seen in some bone marrow transplant models [51].

4. Tolerogenic strategies in renal transplantation

Tolerance in renal  transplantation is  an exceptional  finding.  Approximately 100 cases of
tolerance  in  renal  transplantation  have  been  reported  to  date,  mainly  in  patients  who
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were not  compliant  with their  immunosuppressive regimens or  in individuals  who had
previously  received  a  bone  marrow  transplant  for  hematological  disorders  [52].  At  the
present time, in looking for tolerance in renal transplantation, physicians in clinical prac‐
tice  have  implemented  protocols  and  surgical  procedures  in  which  tolerance  was  the
planned objective before the transplant.

4.1. Strategies and protocols

Protocols in which tolerance in renal transplantation was the planned objective before the
transplant may be divided into three subgroups, namely molecule-based, cell-based, and total
lymphoid irradiation.

4.1.1. Molecule-based protocols

The molecule-based group includes all cases in which the induction of tolerance was attempted
through administration of presumed tolerogenic drugs. These tolerogenic drugs include
polyclonal antithymocyte globulin antibodies and anti-CD25 monoclonal antibodies. Anti-
CD25 monoclonal antibodies competitively inhibit IL-2R-dependent T cell activation, while
the polyclonal antithymocyte globulin antibodies are directed against lymphocyte antigens.
The goal of the induction treatment was the nonspecific removal of clones of immune cells
responsible for rejection before contact with foreign donor antigens occured. Once the donor
antigens were in place after implantation of the new kidney, repletion of immune cells occured,
favored by the homeostatic expansion triggered by leukocyte depletion. In addition, minimi‐
zation of maintenance immunosuppression was implemented to further reduce the anti donor
response with just enough treatment to prevent irreversible immune damage to the graft, but
not with such heavy treatment that the donor specific clonal exhaustion-deletion process was
precluded [53].

4.1.2. Cell-based protocols

In the cell-based group, patients received a donor-cell infusion of highly enriched CD34+
hematopoietic progenitor cells mixed with CD3+ T cells, [54] ie, patients received heavy
conditioning regimens in association with the perioperative infusion of immunomodulatory
cells, such as transplant-acceptance inducing cells. Afterward, maintenance immunosuppres‐
sion was given for a few months until complete withdrawal, when possible. Overall, although
these trials demonstrated that the infusion of transplant-acceptance inducing cells is feasible,
major concerns remain regarding the efficacy and safety of such an approach. Whether this
approach confers any benefit in the establishment of minimal immunosuppression in renal
transplantation patients when compared with the protocols currently in use is unclear. Lastly,
the optimal dose and timing of cell infusions, along with the most appropriate concomitant
immunosuppression regimen, remains to be determined [55,56].

Patients  who received renal  transplantation after  bone marrow transplantation from the
same donor are also included in this group. Bone marrow transplantation, when success‐
ful, generally results in the total replacement of the recipient’s bone marrow with the do‐
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CD25 monoclonal antibodies competitively inhibit IL-2R-dependent T cell activation, while
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responsible for rejection before contact with foreign donor antigens occured. Once the donor
antigens were in place after implantation of the new kidney, repletion of immune cells occured,
favored by the homeostatic expansion triggered by leukocyte depletion. In addition, minimi‐
zation of maintenance immunosuppression was implemented to further reduce the anti donor
response with just enough treatment to prevent irreversible immune damage to the graft, but
not with such heavy treatment that the donor specific clonal exhaustion-deletion process was
precluded [53].

4.1.2. Cell-based protocols

In the cell-based group, patients received a donor-cell infusion of highly enriched CD34+
hematopoietic progenitor cells mixed with CD3+ T cells, [54] ie, patients received heavy
conditioning regimens in association with the perioperative infusion of immunomodulatory
cells, such as transplant-acceptance inducing cells. Afterward, maintenance immunosuppres‐
sion was given for a few months until complete withdrawal, when possible. Overall, although
these trials demonstrated that the infusion of transplant-acceptance inducing cells is feasible,
major concerns remain regarding the efficacy and safety of such an approach. Whether this
approach confers any benefit in the establishment of minimal immunosuppression in renal
transplantation patients when compared with the protocols currently in use is unclear. Lastly,
the optimal dose and timing of cell infusions, along with the most appropriate concomitant
immunosuppression regimen, remains to be determined [55,56].

Patients  who received renal  transplantation after  bone marrow transplantation from the
same donor are also included in this group. Bone marrow transplantation, when success‐
ful, generally results in the total replacement of the recipient’s bone marrow with the do‐
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nor’s  bone  marrow  hematopoietic  cells,  a  condition  referred  to  as  full  chimerism  [57].
Experimental data have confirmed that the infusion of donor-derived bone marrow cells
can prolong allograft survival by still incompletely understood mechanisms [58]. Howev‐
er,  the translation of this model from animals to humans has remained a very challeng‐
ing  task.  In  particular,  an  immunosuppression-free  state  has  been  achieved  only
sporadically  after  living-related  donor  renal  transplantation,  whereas  similar  findings
have  never  been  documented  after  deceased  donor  renal  transplantation  [57,59–63].  In
some studies, the perioperative infusion of donor bone marrow seems to reduce the inci‐
dence  of  acute  and chronic  rejection,  [57,60,61]  and to  improve graft  function when in‐
fused not only systemically but also intrathymically [62,63].

4.1.3. Total lymphoid irradiation protocols

Total lymphoid irradiation was originally developed as a nonmyeloablative treatment for
Hodgkin disease [64].  This  treatment  modality  was first  used about  40 years  ago to in‐
duce prolonged renal allograft survival.  However, total lymphoid irradiation has signifi‐
cant short-  and long-term effects  on lymphocyte subpopulations through suppression of
activated T  cells  and the  IL-2  pathway.  Importantly,  as  the  doses  of  radiation required
for total lymphoid irradiation to be effective are high, with 10 doses of total lymphoid ir‐
radiation (80 to 120 cGy) targeted to the lymph nodes, spleen, and thymus, [54] its clini‐
cal  application  is  limited  by  the  toxicity  that  occurs  with  such  high  doses.  With  the
advent  of  more  effective  immunosuppressive  drugs  and cytolytic  therapy with  antithy‐
mocyte globulin and monoclonal antibodies, the use of total lymphoid irradiation has de‐
clined  considerably  and  is  mainly  applied,  as  stated  earlier,  as  a  nonmyeloablative
preparative regimen of total lymphoid irradiation in combination with the infusion of do‐
nor-derived cells to induce a state of lymphohematopoietic chimerism [65-71].

4.2. Surgical procedures

Currently, Japan has a serious shortage of cadaveric organs. As a result ABO incompatible
living kidney transplantation is being performed [72–76].

Between 2001 and 2004, the ABO-incompatible living kidney transplantation procedure used
a 1-week pretransplant immunosuppression with tacrolimus/mycophenolate mofetil/methyl‐
prednisolon. During this period, splenectomy was performed in all cases and the short–term
outcome was excellent [77]. Graft survival was 93.5% at three years and 91.3% at five years in
these patients [78].

The spleen is involved in the production of B lymphocytes and IgM, so splenectomy can
result  in  decreased  antibody  content  and  increased  tolerance  [79].  This  effect  could  be
considered  analogous  to  the  effect  of  rituximab  (anti-CD20+  monoclonal  antibody),
[80,81]  which prevents acute rejection mediated by antibodies,  resulting in a tolerogenic
effect. Conversely, recent studies show the important role of the spleen for the induction
and maintenance of regulatory CD4+CD25+ T cells, which are important for self-tolerance
[82,83]. This immune regulatory mechanism is known as non-specific suppression of acti‐
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vation and differentiation, and is the result of the release of anti-inflammatory cytokines
[84,85].  Therefore, upon splenectomy, the activity of regulatory T cells is presumably af‐
fected, and this may simulate the mechanisms of action of some currently used immuno‐
suppressant drugs, such as basiliximab and daclizumab (chimeric monoclonal antibodies
that selectively affect T lymphocytes) [86].

5. Conclusion

Despite advances in understanding the cellular and molecular mechanisms of the alloimmune
response, tolerance induction in renal transplantation remains an important clinical challenge.
In clinical practice, prevention of graft rejections has combined tolerance mechanisms, such as
suppression of activated T cells, inhibition the IL-2 pathway, decreased antibody production,
and t chimerism. However, no completely satisfactory results have been achieved. The reason
for these seemingly insurmountable challenges stems from the properties of the alloimmune
response, which are not yet completely understood.
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