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Preface

Today, information in medical science is increasing rapidly, and with the com-
munication age, accessing information is quite easy. However, with this increasing
knowledge, information complexity has emerged. Thus, despite all this increas-
ing knowledge, the interest and need for basic books have not diminished. Blood
groups, erythrocyte antigens, and transfusion are fundamental areas of medicine
and are related to many disciplines of science like hematology, immunology, sur-
gery, and genetics. This book is a collection of current information related to blood
groups and transfusion, and a practical resource for all concerned physicians.

I would like to thank all the authors and IntechOpen and hope that this book will be
a stepping stone for scientists who are rapidly advancing their science journey.

Dr. Anil Tombak, MD

Associate Professor,

Department of Internal Medicine-Hematology,
Mersin University Medical Faculty,

Mersin, Turkey
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Chapter1

Introductory Chapter: Blood
Groups - From Past to the Future

Anil Tombak

1. Introduction

Because we know there are different blood groups today, doctors can save lives by
transferring the right blood to patients. But previously, the blood transfusion was just
adream. This idea was first discussed by the doctors at the time of Renaissance. In
later periods, a French doctor transfused calf blood to a patient in the 1600s and the
patient died. Of course, blood transfusions which were made unaware of the pres-
ence of antigenic differences ended with death. Because of such unsuccessful trials,
the blood transfusion gained a bad reputation. In 1817, Dr. James Blundell, an English
obstetrician, said that living species had different blood structures, so blood could
not be transfused between different species, but only human blood could be given
to a human. In the following years, a total of 10 blood transfusions were performed,
of which only 4 survived. Dr. Blundell did not know that human blood had different
antigens, and people should be transfused with the same blood group antigens. And
probably, this was the cause of death in some patients.

Dr. James Blundell

Karl Landsteiner identified ABO blood group antigens in 1900. And this was one
of the most important steps in safe transfusion. He wondered what would happen
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when the bloods of healthy people mixed up and sometimes saw clots in healthy
blood. When he separated the plasma with the red cells in the blood and mixed

the plasma of the different bloods, he realized that clotting was involved in certain
mixtures. He gave random names to these plasmas like A, B, and C. Later, C’s name
was changed to O; after a while, the AB group was found.

Dr. Karl Landsteiner

In the mid-twentieth century, American researcher Philip Levine discovered
Rhesus (Rh) factor and classified the blood as Rh (+) and Rh ().

Dr. Philip Levine
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In this still ongoing historical journey, today, blood groups are defined as heredi-
tary characters on the surface of erythrocytes detected by a specific allo-antibody.
International Society of Blood Transfusion (ISBT) reported that there are 33
blood group systems and more than 300 blood group antigens for these systems in
humans. The structure of blood group antigens may be protein, glycoprotein, and
glycolipid. The distribution of these antigens varies between people and societies,
and between the human tissues, as well. Some of them are found just at the erythro-
cytes, at the other blood cells, and at the tissues. Blood groups are of great impor-
tance in transplantation, pregnancy, and transfusion. Some functions of blood
group antigen are as follows: transport of some biological molecules toward the
erythrocyte membrane, cell adhesion, autologous complement regulators, enzymes,
receptors for external stimuli, anchors connecting the erythrocyte membrane to the
cell skeleton, extracellular carbohydrates that protect the cell from the mechani-
cal and microbial attacks, etc. Blood group antibodies may develop due to various
reasons. These may be “natural antibodies” which develop in the first months of life
as in ABO system or may be “immune antibodies” which develop due to transfu-
sion, transplantation, or pregnancy. Antibodies against lots of erythrocyte antigens
may cause severe transfusion reactions. For this reason, beside the tests where ABO
and RhD antigen are evaluated, additional tests are needed to ensure transfusion
safety. The goal is to maintain the vitality and the function of erythrocytes in the
longest period and prevention of hemolysis after transfusion. For this purpose, to
detect and type antibodies that may pose risk, we perform cross-match, antibody
screening/identification, direct antiglobulin test and investigate minor blood group
antigens.

2. Conclusion
Although the recent developments, the biological structure of most blood group
antigens and their functions are still unknown, and we still have more ways to

walk in this area. This book aims to reveal the latest developments related to “blood
groups.”

Author details

Anil Tombak
Mersin University, Mersin, Turkey

*Address all correspondence to: aniltombak@mersin.edu.tr
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Chapter2

Blood Transfusion Reactions
John Ayodele Olaniyi

Abstract

Blood transfusion reaction/adverse transfusion reactions could be fatal/severe or
mild, immediate or delayed, immunological or nonimmunological, and infectious
or noninfectious, and attention is paid particularly to the incidence, possible causes
and pathophysiology, clinical features, and management of each type with the
aim of improving awareness and raising consciousness towards improving blood
safety and judicious use of blood so as to forestall these blood transfusion reactions
as much as possible. This chapter serves as a synopsis to adverse blood reactions,
which are very common but apparently more often under-recognized and/or under-
reported particularly in developing countries. This should sharpen the conscious-
ness of all health practitioners involved in blood transfusion services towards taking
measures at preventing transfusion reactions right from donor selection up to the
infusion of blood into the recipients.

Keywords: adverse blood reactions, blood safety, judicious use of blood,
clinical features, management, immunological, immediate, infectious

1. Introduction

Blood transfusion remains a life-saving therapy and according to World Health
Organization (WHO) guidelines, of 10 units per 1000 population, approximately
8 million units of blood are currently needed to meet the transfusion demand for a
population of about 800 million [1]. While in the industrialized world, blood provi-
sion and blood safety are well established, in Africa, there is limited access to blood,
and provision of unsafe blood renders blood safety a major public health concern.
Blood transfusion may be needed in circumstances like obstetric hemorrhage, road
traffic accidents, armed conflicts, sickle cell disease, anaemias especially in chil-
dren, malnutrition, HIV, malaria, and parasitic infections. It is therefore important
to always highlight the blood transfusion reactions, possible causes, expected
symptoms and signs, preventive measures, and appropriate management. This will
further encourage judicious use of blood and blood components.

2. What is blood transfusion reaction?

Blood transfusion reaction refers to undesirable, unintended, adverse response
to the administration of blood, blood components, or derivatives that are well
thought-out to be definitely probable or possibly related to this product. About
0.5-3% of all transfusions result in transfusion reaction.

Blood transfusion reactions can basically be categorized as infectious or
noninfectious. The majority of blood transfusion reactions are, nonetheless,
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noninfectious with outcomes ranging from nonsignificant consequences to death
[2, 3]. However, the infectious effects are given more prominence than other
adverse reactions.

For emphasis, when any unexpected or untoward symptom or sign occurs
during or shortly after the transfusion of a blood component, a transfusion reaction
must be considered as the precipitating event until confirmed otherwise [4].

3. Classification and incidence of adverse events

Broadly, BTR can be classified as infectious or noninfectious, immunological
or nonimmunological, immediate or delayed, and mild or life threatening. The
common, well known manifestations to all types of BTR include fever, chills, and
urticaria [3, 5, 6] (Table1).

3.1 The acute (life-threatening) BTRs

* Acute (immediate) haemolytic transfusion reaction
* Delayed haemolytic transfusion reaction
* Transfusion transmitted bacterial infection
* Anaphylaxis
* Transfusion-related acute lung injury (TRALI)
* Transfusion-associated circulatory overload (TACO)
3.1.1 Other acute noninfectious complications of blood transfusion
* Allergic reactions
* Anaphylaxis (IgA-deficient recipient)
* Lung damage from microaggregates (massive transfusion)
* Transfusion-associated circulatory overload (“TACO”)
* Bacterial infection (mainly with platelet transfusion)
* Hypothermia (rapid infusion of refrigerated blood)
* Citrate toxicity/hypocalcemia (massive transfusion or apheresis)
* Graft-versus-host disease
* Air embolism

3.1.2 Classification of transfusion reactions based on immune or nonimmune

* Acute immunological (<24 hours)
o Immediate (acute) haemolytic transfusion reaction

o Febrile nonhemolytic.



Blood Transfusion Reactions
DOI: http://dx.doi.org/10.5772/intechopen.85347

o

Minor/major allergic.

o

Anaphylaxis.
TRALL

o

o Acute nonimmunological (<24 hours).

Bacterial contamination.

o

o

Transfusion-associated circulatory overload (TACO).

Delayed immunological (>24 hours).

o

Delayed haemolytic transfusion reaction.

o

Other delayed reactions.

o

Minor/major allergic.

o

Anaphylaxis.
* Delayed nonimmunological (>24 hours).

o Transfusion transmissible infections (TTIs) (HIV/HBV/HCV).

o Transfusion-associated circulatory overload (TACO).

Tables 1, 3 and 5 refer to classification of BTRs.

Acute transfusion reactions Delayed transfusion reactions

Acute haemolytic reaction (AHTR) Delayed haemolytic reaction

Anaphylaxis Transfusion transmitted infection

Bacterial contamination of blood component Transfusion-associated graft-versus-host disease
Transfusion-associated acute long injury Post-transfusion purpura
Transfusion-associated circulatory overload (TACO) Iron overload

Allergic reaction Immunosuppression

Febrile nonhemolytic transfusion reaction
(FNHTR)

Table 1.
Types of blood transfusion reactions.

Adverse events Risk/unit

Mild allergic 1in 100

FNH 1in 300

TACO 1in700

TRALI 1in 10,000

Bacteria contamination 1in 10,000

Anaphylactic 1in 40,000

Fatal haemolytic 1in 1,000,000

HIV/HBV/HCV 1in 1,000,000 to 8,000,000
Table 2.

Frequency of transfusion reactions.
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3.2 Frequency of transfusion reactions

The risk per unit for each adverse event is as stated in Table 2.

4. Common signs and symptoms of blood transfusion

Although the signs and symptoms of BTR will be fully discussed under each
type of blood transfusion reaction, it is important that these features be highlighted
as it relates to each system.

i. Circulatory: circulatory changes include changes in blood pressure, tachycar-
dia, arrhythmia, bleeding, blood in urine, and increase in bleeding tendencies.

ii. Pulmonary: pulmonary features include shortness of breath, dyspnea,
wheezing, cough, and changes on chest X-ray.

iii. Immune: itching, rash/hives, flushing, fever, and chills/rigors.

iv. Others: Unexplained discomfort, back pain, chest pain, pain at the site of
intravenous infusion and along the course of the vein, and anxiety.

4.1 Recognition at bedside

The complex background clinical condition of critically ill patients could mask
the symptoms of a serious blood transfusion reaction; therefore, ventilated patients
could have increased peak airway pressures, hyperthermia, and changes in urine
output or color in the context of a blood transfusion, during a massive transfusion
protocol. Therefore, monitoring core temperature, prompt use of measures to
avoid hypothermia, using blood warmers, watch for hypocalcaemia, acidosis, and
hyperkalemia go a long way in unmasking blood transfusion reactions.
5. Types of transfusion reactions
5.1 Minor transfusion reaction symptoms

A BTR is regarded as minor if:

* The hives or rash cover less than 25% of the body and there are no other
symptoms.

* The fever (1°C rise over baseline and higher than 38°C) is associated with no
other symptoms.

Quick steps to take when temperature increases by >1°C and >38°C (Table 3)
* Stop transfusion

* Clerical check

* Notify physician

* Notify blood bank
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If clerical error is established or additional serious symptoms are identified, do
not order for restart of blood transfusion. Instead

* Administer acetaminophen 325 mg

* Continue to monitor patient carefully and frequently

* Stop transfusion if symptoms worsen or additional symptoms develop
* If uneventful, complete transfusion reaction investigation form

* Send to blood bank with blood sample as per algorithm

Suspect

* Hemolytic transfusion reaction

* Bacterial contamination

Initiate transfusion reaction if the abovementioned points are excluded in
investigation by

* Completing form 3.

* Collecting blood samples

* Sending blood bag to blood bank

* Continuing to monitor patient

* Reporting the condition to physician

The predominant symptom of a fever is most commonly seen in:
* Acute hemolytic transfusion reactions (AHTR)

* Febrile nonhemolytic transfusion reactions (FNHTR)

* Bacterial sepsis or contamination

5.2 Febrile nonhemolytic transfusion reaction (FNHTR)

The incidence of FNHTR is 1 in 300 for RBC concentrate transfusion and 1 in 20
for platelet concentrate transfusion.

Pathophysiological FNHTRs develop in patients that already have anti-leukocyte
antibodies. Anti-leukocyte antibodies are raised in multiply transfused patients and
multiparous women usually following RBC or platelet transfusions. In addition,
donor-derived leukocytes present in platelets and RBC products liberate cytokines
in the course of storage of blood and may also mediate NHTRs. Such cytokines
include IL1, IL6, IL8, and TNF. Therefore, pre-storage leukoreduction may reduce
the accumulation of these biologic mediators and the incidence of febrile, hypoten-
sive, or hypoxic transfusion reactions.

11
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Check for haemolysis

Perform visual examination of patient’s plasma and urine (plasma and urine hemoglobin can be checked but
this is not essential).

Blood film may show spherocytosis.

Bilirubin and lactate dehydrogenase (LDH) levels will be raised.

Check for incompatibility

Check the documentation and the patient’s identity.

Repeat ABO group of patient pre-transfusion and post-transfusion and of the donor unit(s).
Screen the patient for red cell antibodies pre-transfusion and post-transfusion

Repeat crossmatch with pre-transfusion and post-transfusion samples.

Direct antiglobulin test (DAT) on pre- and post-transfusion samples.

Eluate from patient’s red cells.

Check for disseminated intravascular coagulation
Perform blood count and film, coagulation screen, and fibrin degradation products (or D-dimers).

Check for renal dysfunction
Check blood urea, creatinine, and electrolytes.

Check for bacterial infection
Take blood cultures from the patient and donor unit including immediate Gram stain.

Immunological investigations
Check immunoglobulin A (IgA) levels and anti-IgA antibodies.

Table 3.
Investigations indicated in transfusion reactions.

Clinical presentation: fever during transfusion or up to 4 hours after. The patient
may also experience chills, rigors, nausea and vomiting, and hypotension without
fever. FNHTRs typically manifest during or within 4 hours of transfusion with fever
(defined as an increase in temperature of 1°C above the patient’s baseline tempera-
ture, typically to 38°C) with or without chills and/or rigors. Such reactions may also
manifest primarily with chills and/or rigors with minimal or absent febrile compo-
nent particularly in patients receiving antipyretics. Symptoms are self-limited and
respond to symptomatic treatment, which includes antipyretics for fever and chills
and meperidine for rigors. Close differentials to FNHTRs include acute haemolytic
transfusion reaction and septic transfusion reactions and patients’ underlying medical
condition. Therefore, it is important to do necessary investigations to rule out hae-
molysis. Leukoreduction has been associated with significant reduction in FNHTRs.

Management: blood transfusion should be stopped immediately and the order-
ing physician should be informed. Blood transfusion may be restarted cautiously as
directed after the thorough investigation (Table 3 and Algorithm1).

5.3 Acute haemolytic transfusion reaction (AHTR)

The incidence of AHTR is 1in 38,000. It is caused by transfusion of incompat-
ible ABO blood group to a patient. It can be fatal with a mortality rate of about 10%
and the risk of death is directly proportional to the amount of incompatible blood
transfused.

Clinical presentation: fever and chills happen to be the most common feature.
Anxiety, pain at the site of infusion, nausea/vomiting, back pain, dyspnea, flush-
ing, wheezing and passage of red color urine, haemoglobinuria, hypotension, renal
failure, disseminated intravascular coagulation (DIC), and shock may occur as late/
terminal complications.

12
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Algorithm 1.

Algorithm to follow in investigating acute transfusion reaction.

Pathophysiology: the ABO isohemagglutinins are compliment fixing and lead
to intravascular destruction of transfused red cells which can manifest as hemo-
globinemia and haemoglobinuria. Often, fever is the only initial sign. Activation
of compliments leads to the release of cytokines like tumor necrosis factor, which
is responsible for the fever and chills. The serologic hallmark of acute haemolytic
reaction is a positive direct antiglobulin test (DAT), which demonstrates both IgG
and compliment on the surface of recipient circulating red cells. Disseminated
intravascular coagulation also occurs and bleeding may result.

Possible sources of error/causes include patient misidentification due to cleri-
cal error or failure to follow established hospital procedures. Therefore, definitive
bedside patient identification, both at the time type and screening specimen, is
being obtained, and the time the product is to be administered is very crucial. It
has been advocated that the risk of mistransfusion can be greatly reduced by using
barcode and radiofrequency chip technologies in order to ensure correct patient
identification.

Also, AHTR can occur after platelet transfusions, typically involving a group A
patient receiving group O platelets that contain high titer anti-A antibody.

Management: the treatment of AHTR is mainly supportive and it includes taking
the following steps:

¢ STOP the transfusion!

* Check if any clerical errors in identifying the patient, blood group, and
product label

* Notify the practitioner and blood bank, return product, and recollect sample
from patient to confirm blood group

13
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* Monitor patient closely
* Institute fluids and vaso-pressures for hypotension and urinary output.
5.4 Bacterial sepsis or contamination

The incidence of bacterial contamination for RBC is 1 in 50,000, 1 in 250,000
symptomatic septic reactions, and 1 in 500,000 with fatal bacterial sepsis. The
incidence of bacterial contamination for platelet is 1 in 1000 with 1 in 10,000
symptomatic septic reactions and 1 in 60,000 fatal bacterial sepsis. About 10% of
transfusion-related deaths are associated with bacterial sepsis.

Clinical presentation: the clinical features are similar to that of AHTRs and
comprises of chills, rigors, high grade fever, tachycardia, hypotension, nausea, and
vomiting. Disseminated intravascular coagulation (DIC) and shock may occur.
Close examination of blood bag may reveal clots and change in color of blood in
the bag compared to blood in the segmented tubing. There is no obvious focus of
infection in the patient. The reaction typically develops 9-24 hours post transfusion
and usually in neutropenic patients.

Management: such blood transfusion should be discontinued, if suspected and a
doctor should be notified immediately who will notify and return the product to the
blood bank after careful documentation of events. Necessary investigations should
be carried out notably and blood culture samples should be collected. All neces-
sary supportive interventions should be applied as dictated by the patient’s clinical
condition and the patient should be closely monitored. Also, abnormal bleeding
or oozing in a patient during surgery that is equally having blood transfusion may
raise suspicion of acute haemolytic transfusion reaction with DIC and appropriate
management should be promptly applied (Algorithm 2).

5.5 Delayed haemolytic transfusion reaction (DHTRs)

In DHTRs, the patients develop an alloantibody to an RBC antigen following
previous transfusion, pregnancy, or HSCT. Such red blood cell alloantibodies may
decrease in titer although remaining clinically important, and hence, the patient has
apparently negative antibody screening because the titer of the antibody has fallen
below the detectable limit. In the event of a subsequent transfusion, the patient
develops an anamnestic immune response to the mismatched antigen leading to
delayed antibody-mediated destruction of transfused RBCs.

Clinical manifestation of AHTRs occurs 5-15 days post transfusion and it com-
prises haemoglobinuria, jaundice, and pallor as a result of the acute haemolytic
process. In the context of a sickle cell disease patient (SCD) that often receives blood
transfusion because of hyper-haemolytic crises, these features of haemolytic transfu-
sion reaction are often accompanied by features of vaso-occlusive crisis (VOC), that
is, pain, fever, and acute chest syndrome. There is usually worsened anemia and
reticulocytopenia. In fact, DHTR is often misdiagnosed as VOC in SCD patient and
the patient is unduly further transfused which culminates in multi-organ failure [5-9].

When features of AHTRs manifest, the link to the preceding transfusion is not
always obvious. Direct antiglobulin test (DAT) is often positive for IgG, with or
without compliment, depending on the antibody if carried out at this point. Also,
an eluate may be performed to remove the IgG coating the circulating RBCs in order
to identify it because a positive DAT may be unspecific. The antibody screen may
also demonstrate the presence of a new antibody, although this may lag behind a
positive DAT by a few days. The haemolysis in DHTRs is IgG mediated and thus
extravascular; however, it is noteworthy that alloantibodies to Kidd blood group
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Algorithm 2.
Necessary steps in the management of blood transfusion reactions.

antigens may fix compliment and cause intravascular haemolysis with consequent
haemoglobinuria, and occasional instances of severe complications like acute renal
failure or disseminated intravascular coagulation have been reported. The antibod-
ies most often implicated in DHTRs are directed against antigens in the Rh (34%),
Kidd (30%), Duffy (14%), Kell (13%), and MNSs (4%) [8, 10]

5.5.1 Management of DHTRs
Ensure leukocyte-poor products as a preventive measure (refer Algorithm 2).
5.6 Transfusion-related acute lung injury (TRALI)

A consensus definition of TRALI is acute lung injury (ALL) occurring during a
transfusion or within 6 hours of completing a transfusion with no other temporarily
associated causes of acute lung injury (ALL). ALL is defined as (i) a syndrome of 10
acute onsets, (ii) hypoxemia (PaO,/FiO; < 300 mm of Hg, O, saturation < 90% on
room air or other clinical evidence), (iii) bilateral pulmonary infiltrates, and (iv)
no evidence of circulatory overload [7, 11].

The development of TRALI, which is a potentially life-threatening reaction, is
triggered by passive transfusion of donor anti-granulocyte antibodies (anti-HLA
or anti HNA antibodies), cytokines, biologically active lipids, or other substances
into the recipient. These cause acute lung injury with noncardiogenic pulmonary
edema. The signs and symptoms comprise dyspnea, hypoxemia, hypotension,
fever, and a chest X-ray showing bilateral lung infiltrates with pulmonary edema
(Figure1) [7, 11].
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Figure 1.
CXR of a TRALI patient showing pulmonary infiltrates.

Management: aggressive pulmonary support including mechanical ventila-
tion is frequently required. Approximately 80% of patients improve within
48-96 hours and all the patients require oxygen support with approximately
70% needing mechanical ventilation. Infrequently, antibodies in the recipient
may react with donor granulocytes that were present in units of RBCs or platelets
transfused. Strangely, in some cases of TRALI, neither recipient nor donor-
derived antibodies can be identified. Other mechanisms have been advanced such
as the priming of neutrophils by bioactive lipids that accumulate during blood
storage (Figure 2) [7, 11].

The United States FDA in 2007 documented that TRALI represented 65% of all
transfusion-related fatalities. The widespread implementation of TRALI risk reduc-
tion strategies adopted thereafter led to reduction to 37% of transfusion fatalities
reported in the 5-year period from 2008 to 2012. TRALI remains the leading cause
of death due to transfusion in the US.

The probable incidence rate of TRALI is about 1/5000 transfusions of plasma
containing blood product, that is, RBCs, platelets, concentrate, platelet apheresis
units, and plasma with a 5-10% fatality rate. TRALI may be difficult to differentiate
from manifestations of patients underlying medical problems particularly those
of cardiac origin, such as congestive heart failure and fluid overload brought on by
transfusion.

Clinical management is supportive with the goal of reversing progressive
hypoxemia. There is no universal method to prevent TRALI. Once blood from a
particular patient is implicated in a case of TRALI, the donor is excluded from the
donor pool. Preventing the first case of TRALI by those donors, however, requires
the elimination of all blood donors whose plasma contain anti-HLA or anti-
neutrophil antibodies. For plasma, this is achieved by excluding female donors from
the plasma donor pool because multiparous females are most likely among a healthy
donor population to have anti-HLA antibodies as a result of sensitization during
pregnancy [7, 11]

When this approach was adopted in the UK in late 2003, where 60% of TRALI
had been caused by plasma transfusions, no report of TRALI death due to plasma
occurred after 2004 (6 deaths occurred in 2005, none from plasma). Major blood
suppliers in the US now limit the use of female plasma or screen for HLA or HNA
antibodies in multiparous donors. Even with these precautions in place, cases of
TRALI in which HLA or any other granulocyte-specific antibodies do not appear to
be responsible will not be eliminated.
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Figure 2.

Pathophysiologic mechanisms in TRALL This figure illustrates inflammatory processes in the lung both during
the “first hit” and during the “second hit” (acute phase) where the inflammatory processes are heightened than
the “first hit”. Mediators of inflammation in the infused blood products (FFP > platelets > RBCs) containing
donor anti-granulocyte antibodies (anti-HLA and anti-HNA antibodies) along with cytokines and biologically
active lipids activate inflammatory cascade through polymorph-nuclear cells (PMNs) with vesultant capillary
injury. As shown in the “second hit” section of the lung, the capillaries are congested, endothelial cells are swollen
and inflamed, and theve is increased platelet deposition and aggregation. The interstitial becomes more enlarged.
There is increased adhevence and migration of neutrophils of activated adhesion molecules (ICAM-1, P-Selectin,
L-Selectin). Also, alveolar macrophages liberate inflammatory cytokines (IL-1b, IL-6, IL-8) and activated
neutrophils elaborate PAF, NET compliments, and oxidant proteins. All these culminated in lung injury with
noncardiogenic pulmonary edema causing hypoxemia, hypotension, pulmonary infiltrates, and fever.

Therefore, strict transfusion criteria for plasma-rich blood products, early
recognition, and prompt clinical management are the keys to dealing with these
potentially fatal transfusion reactions.

Reporting suspected cases of TRALI to the blood bank is also important in
limiting potential risk to other patients by quarantine of any co-components from
the same donation and evaluating the donor with possible exclusion from future
donation if TRALI is confirmed [7, 11].

5.7 Transfusion-associated circulatory overload (TACO)

The incidence of TACO is 1/100 and the risk factors in TACO include patients
with limited cardiopulmonary reserve, that is, the very young and the very old, high
volume transfusion, background renal, or cardiac disease.

The onset is usually 1-2 hours post transfusion. TACO manifests as shortness of
breath, cough, chest tightness, cyanosis, rales, orthopnea tachycardia, distended
jugular veins, S3 gallop, and pulmonary edema, which are consistent with cardiac
decompensation following volume overload [7, 12].

It is important that the vital signs of a patient under general anesthesia and
on blood transfusion be continually monitored in order to be able to detect these
features early and to be able to prevent TACO.
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Managing

* Stop transfusion

* Position patient in upright position

* Supplementary oxygen

* Diuretics

* Cardiac and respiratory support as required

* Initiate transfusion reaction investigation

However, it is important to bear in mind the differences between TACO and
TRALI (Table 4).

5.8 Allergic transfusion reactions

Allergic reactions following blood transfusions can be mild and frequently
manifested by urticarial rash. Many urticarial reactions are donor-specific and thus
do not occur with subsequent transfusion.

5.8.1 Management

If a recipient experiences multiple urticarial reactions, premedication with anti-
histamines should be considered.

Washed products re-suspended in albumin or saline may be considered in severe
cases. While removing plasma through washing mitigates allergic reactions, washing
platelets impair platelet functions and lead to accelerated clearance after transfusion.

Antihistamines generally alleviate symptoms of allergic reactions but have not
been proven to prevent them [7, 13].

5.8.2 Anaphylactic reaction

The incidence of anaphylactic reaction is put at 1 in 40,000 and the clinical
presentation is characterized by widespread rash, shortness of breath cough,
tachycardia, flushing, and anxiety.

TRALI TACO
Blood pressure Low-normal Normal-high
Body temperature Normal-elevated Normal
CXR No vascular congestion Vascular congestion,
pleural effusion
BNP Low (< 250 pg/ml) High
PAOP Low-normal High
Ejection fraction Normal function Abnormal function
Response to diuretics  Inconsistent Improved
Edema fluid Transudate Exudate

Table 4.
Differences between TRALI and TACO.
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Severe IgA-deficient patients may make anti IgA antibody that can cause
anaphylactic reaction, but this is a rare occurrence. Considering that approximately
1in 1200 people is IgA deficient with anti-IgA antibodies and that passively trans-
fused anti IgA antibodies do not cause allergic reactions, the pathophysiology of
recurrent and severe allergic transfusion reactions in IgA deficiency is incompletely
understood. Washed RBCs, washed platelets, and/or platelet and plasma products
from IgA-deficient donors should be transfused only when a patient has severe IgA
deficiency and a concern for anaphylactic reactions. Most IgA-deficient patients,
even those with anti IgA, have no adverse reactions to transfusion. There are also
reports of patients with deficiency of haptoglobin and various complement compo-
nents such as C4a (Rogers antigen) or C4b (Chido antigen) developing anaphylactic
reactions to platelets [7, 13].

Management: as illustrated in Table 5 and Algorithm 1.

If hives/rash covers <25% of body stop transfusion; do the following: clerical
check, notify physician, and notify blood bank.

If clerical error is identified or there are serious symptoms do not restart trans-
fusion, the following should be ensured:

1. Administer diphenhydramine 25-50 mg IV/po

2. Continue to monitor patient carefully and frequently

3. Stop transfusion if symptoms worsen or additional symptoms develop
4.1f uneventful, complete transfusion reaction investigation form

5.No need to send blood samples or blood bag

Temp increase by >1°C and >38°C

1. Stop transfusion
2.Clerical check

3. Notify physician
4.Notify blood bank

Clerical error or additional serious symptoms?

No Yes

Restart transfusion cautiously as ordered Do not restart transfusion

1. Administer acetaminophen 325 mg

2. Continue to monitor patient carefully and
frequently

3. Stop transfusion if symptoms worsen or
additional symptoms develop

4.If uneventful, complete transfusion reaction
investigation form

5.Send to blood bank with blood sample as per
algorithm

1. Suspect hemolytic transfusion reaction or
bacterial contamination

2.Initiate transfusion reaction investigation by
completing form

3. Collect blood samples

4.Send blood bag to blood bank

5. Continue to monitor patient and report condi-
tion to physician

Tables.
The protocol to follow in the case of emergence of fever during blood transfusion.

6. Infectious complications

6.1 Approximate risk per transfused unit of various infectious agents
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Infectious agent Approximate risk/transfused unit

Hepatitis B virus 1:750,000

Hepatitis C virus 1:1.1 million

HIV-1, HIV-2 1:2.7 million

Bacterial sepsis 1:75,000 (platelet transfusions)

Bacterial sepsis 1:250,000 to 1:10 million (red blood cell transfusions)
Table 6.

Infectious complications of transfusion.

6.2 Bacterial and parasitic transmissions by transfusion

In the United States, bacterial contamination of platelet products has been
recognized as the most common cause of transfusion-associated morbidity and
mortality owing to an infectious source. It exceeds hepatitis, HIV, and other viral
sources put together. It was noted that the frequency of bacterial contamination
is as high as 11in 1000 to 1 in 2000 platelet units. It results in clinical sepsis after
1in 4000 platelet transfusions before preventive measures were put in place. As
an example, the introduction of bacterial screening has reduced the risk of septic
transfusion reactions for apheresis platelets, and it has declined to approximately
11in 75,000 with the risk of a fatal septic reaction declining to approximately 1 in
500,000 [7, 14, 15].

Efforts to detect the presence of bacteria in platelet units before dispensing to
a patient include incubating an aliquot of the unit in a culture system and using a
rapid strip immunoassay for bacterial antigens. Other less sensitive methods for
detection using a surrogate marker for evidence of bacterial metabolism, such as
alow pH, in an aliquot of the platelet suspension have been discontinued. While
platelet products are typically contaminated by Gram-positive cocci, such as
coagulase-negative Staphylococci, sepsis associated with transfusion of RBC units is
most often due to Gram-negative organisms, particularly Yersinia enterocolitica.

Red blood cell contamination with Yersinia enterocolitica had resulted in bacte-
remia and septic shock which is often catastrophic. This Gram-negative organism
can survive during refrigerated storage and lead to bacteremia or septic shock in the
transfused recipient. Malarial transmission by transfusion is very common in Africa
where malaria is known to be endemic but uncommon in Europe and America but
cases are occasionally reported [7, 15].

6.3 Hepatitis

The estimated risk of post-transfusion hepatitis C is 1 per 1.1 million units trans-
fused with current use of anti-hepatitis C virus antibody tests and nucleic acid testing.

Post transfusion hepatitis occasionally still develops despite the exclusive use of
volunteer blood donors and screening of donor blood for hepatitis B and hepatitis
C viruses. Transfusion-related hepatitis C virus infection is usually subclinical and
anicteric in most cases but frequently becomes chronic and often results in clinically
significant liver dysfunction [7, 15].

The risk of HBV transmission by transfusion decreased from 1:220,000 to
approximately 1:750,000 after implementation of HBV DNA testing. Photochemical
pathogen inactivation strategies appear both efficacious and relatively sparing in
terms of qualitative platelet function, although decreases in quantitative platelet
recovery have been observed in some studies [7, 15].
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6.4 HIV and human T-cell lymphotropic viruses

The risk of acquiring HIV-1 or HIV-2 infection as a result of transfusion cur-
rently is estimated to be 1 in 1.5 million. Nucleic acid amplification testing for HIV
has reduced the window of serologic conversion from 16 days to about 9 days. The
use of heat-treated concentrates, solvent detergent-treated products, and recom-
binant factor concentrates has essentially eliminated HIV as a therapy-risk for
hemophiliacs [7, 15].

6.5 Human T-cell lymphotropic virus 1 (HTLV-1)

This is a retrovirus associated with adult T-cell leukemia or lymphoma and
tropical spastic paraparesis. Screening for HTLV-1 in blood donors is currently
performed in the United States because asymptomatic blood donors can transmit
this virus. Several cases of neuropathy had been reported in transfused recipients
before the availability of testing.

HTLV-2, a related virus with antigenic cross-reactivity to HTLV-1, is endemic in
certain Native American populations and also has been found in a high proportion
of intravenous drug users. The risk of HTLV transmission by transfusion using
current test methods is approximately 1 in 2.7 million [7, 15].

6.6 West Nile virus (WNYV)

WNYV became known to the US during the 2002 (WNV) epidemic in the
United States wherein 23 individuals acquired WNV after blood transfusion.
The characteristic clinical features manifested include fever, confusion, and
encephalitis which developed within days to weeks of transfusion. As a result,
blood centers implemented nucleic acid-based testing to screen all donations
for WNV.

In a survey of 2.5 million donations in 2003, 601 donations (0.02%) were found
to contain WNV. A subsequent follow-up study detected no cases of transfusion-
transmitted WNV infection among recipients of tested blood; however, rare
breakthrough transmissions have been reported [7, 15].

6.7 Parvovirus B19

Rare transmissions of parvovirus B19 by transfusion have been recognized.

A recent study documented persistence of low levels of parvovirus B19 DNA in a
high percentage of multi-transfused patients. The long-term clinical implications
of this finding currently are unknown. Parvovirus (and other viruses without a
lipid envelope such as hepatitis A virus) is not eliminated by solvent detergent
treatment.

Acute parvovirus B19 infection can result in impaired erythropoiesis and can
cause an aplastic crisis in patients with sickle cell disease and other hemolytic
diseases. Infection with this virus can also result in significant fetal harm when a
pregnant woman is infected during weeks 9-20 of pregnancy. There is no currently
available blood donor screening assay for this virus [7, 15].

6.8 Cytomegalovirus (CMV)
CMV resides in leukocytes, and leukocytes inevitably contaminate RBC and

platelet concentrate products. Hence, they are capable of transmitting CMV infection.
Transfusion-transmitted CMV infection is an important issue in transfusion of cellular
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blood products to neonates, particularly low-birth-weight infants born to seronegative
mothers, HSCT recipients, and other highly immunosuppressed patients [7, 15].

The risk of acquiring CMV from transfusions is particularly high when pre-
transplantation serologic testing reveals that neither the HPSC donor nor the recipient
has been previously exposed to CMV. In addition, transplantation recipients are at
increased risk for transplantation-associated CMV reactivation when either the donor
or the recipient is seropositive for CMV before transplantation. The latter consider-
ation often affects the choice of HPSC donors. For these reasons, some institutions use
blood products obtained exclusively from CMV-seronegative donors when providing
blood products to neonatal recipients or recipients of HPSC transplantations.

However, as noted earlier, a landmark randomized comparison of leukoreduced
versus CMV-seronegative blood components in CMV-seronegative HSCT recipients
(with seronegative donors) found no significant difference in the incidence of
CMV infection, and CMV disease as a composite outcome and most transplantation
centers [7, 15].

In practice, prestorage leukoreduced blood components will be used for CMV
prevention. Other institutions simply use leukoreduced blood products in all recipi-
ents, regardless of CMV status. The latter strategy has the additional advantage
of reducing the risk of alloimmunization to HLA antigens and thus of developing
refractoriness to platelet transfusions.

6.9 Parasites

Malaria: malarial transmission by transfusion is common in malarial endemic
regions of Africa. In nonmalarial endemic areas, donors with a history of residence
in a malaria-endemic area or travel associated with a risk of malarial exposure are
deferred for up to 3 years, depending on the exposure.

Chagas disease: Trypanosoma cruzi parasites can survive several weeks of
storage in blood, and contamination of blood products with this organism is already
a significant problem in parts of South America. Therefore, the immigration of
individuals from South America to the United States raises concerns that Chagas
disease may emerge as a common transfusion-transmitted infection [7, 15].

An FDA-approved blood donor-screening test for antibodies to T cruzi is avail-
able. Blood donors only need to be tested at their first donation.

Babesiosis: this has been identified in receiving platelets, refrigerated RBCs, and
even frozen-thawed RBCs. Cases have been reported in New England and the upper
Midwest. Various tests are being evaluated for donor screening in areas endemic for
Babesia [7, 15].

7. Conclusions

This chapter serves as a synopsis to adverse blood reactions which are very
common but apparently more often under-recognized and/or under-reported
particularly in developing countries. This should sharpen the consciousness of all
health practitioners involved in blood transfusion services towards taking measures
at preventing transfusion reactions right from donor selection up to the infusion of
blood into the recipients.
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Chapter 3

Hemolytic Disease of the Fetus
and Newborn

Soumya Das

Abstract

Hemolytic disease of the fetus and newborn (HDFN) also called as “erythro-
blastosis fetalis” is characterized by the increased rate of red blood cells (RBCs)
destruction. Hemolysis should always be investigated even if the anemia is mild and
apparently trivial. The principle clues which suggest hemolytic anemia includes:
increased number of reticulocytes and/or circulating nucleated RBCs, unconjugated
hyperbilirubinemia, a positive direct antiglobulin test and characteristic changes in
red cells in the blood films. Based on etiology, hemolysis in newborn can be immune
or non-immune mediated. The immune-mediated hemolysis due to blood group
incompatibility between the mother and the fetus is the main cause of HDFN.

Keywords: hemolysis, blood groups

1. Introduction

Hemolytic disease of the fetus and newborn (HDFN) also called as “erythro-
blastosis fetalis” is characterized by the increased rate of red blood cell (RBC)
destruction. Hemolysis should always be investigated even if anemia is mild and
apparently trivial. The principle clues which suggest hemolytic anemia include
increased number of reticulocytes and/or circulating nucleated RBCs, unconjugated
hyperbilirubinemia, a positive direct antiglobulin test, and characteristic changes in
red cells in the blood films [1, 2]. Based on etiology, hemolysis in newborn can be
immune or nonimmune mediated. The nonimmune causes include a-thalassemia,
RBC membrane, or enzyme defects [1]. The immune-mediated hemolysis due to
blood group incompatibility between the mother and the fetus is the main cause of
HDFN. Immune-mediated hemolysis of fetal red cells, due to blood group incom-
patibility, occurs when there is transplacental passage of maternal antibody active
against paternal red cell antigen of the infant [2-4]. Both naturally occurring and
immune antibodies are implicated leading to a spectrum of clinical sequela, ranging
from anemia and hyperbilirubinemia to fetal hydrops, kernicterus, and death [3, 4].
Although more than 60 different RBC antigens are capable of eliciting an antibody
response, significant morbidity is associated primarily with D antigen of Rh group
[2]. The prevalence of red cell antibodies other than anti-D with the potency to
induce HDFN is about 1 in 500 pregnancies [5-7].

2. History

The royal family of England was not spared from the features of HDFN. Henry
VIII’s first wife, Katherine of Aragon, conceived six times, among which five died in
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the perinatal period due to features presumed to be of HDFN [8]. The well-
documented description of HDFN was made in 1609 by the midwife in the French
literature. The case was a twin gestation in which the first fetus was stillborn and
the second twin developed jaundice and succumbed soon after birth [9]. In 1940,
Rh blood group system was described by Landsteiner and Wiener, and in 1941
Levine et al. determined that D antigen in Rh system is the agent for HDFN [10, 11].
The main cause of sensitization though was stated by Levine in 1940 but was
described in detail by Keenan and Pearse in 1963 [12]. In 1961 Liley, for the first
time, described intrauterine transfusion into the abdominal cavity of the fetus as a
preventive measure for the disease [13]. Exchange transfusion, introduced by
Wallerstein, and induced premature delivery are other treatment options employed
for the management of HDFN [14, 15]. Until 1960, HDFN due to rhesus blood
group system was considered the major contributor to the perinatal mortality rates.
In 1961, Finn et al. defined the administration of anti-D Ig in the prevention of Rh
sensitization and later in 1967 along with two German scientists Schneider and
Preisler proved that anti-D is not useful in already sensitized mothers [16, 17]. This
was a major breakthrough in prevention of sensitization with administration of
400 pg of human anti-D globulin within 72 h after delivery. Since 1971, the WHO
recommends empirical use of anti-D Ig following any sensitizing event including
after delivery of Rh-positive newborn and for abortions.

3. Blood group antigens and antibodies

An antigen is any substance which, when introduced into the body of an immu-
nocompetent individual, stimulates the immune system by production of an anti-
body by interacting with the immunoglobulin receptor of B cell. Each red cell
membrane is a bi-phospholipid layer containing millions of antigen on its surface
[18]. The blood group antigens are either protein or carbohydrate structures present
on the red cell membrane. An individual’s blood group is determined by the antigen
expressed on the surface of red cell membrane. The carbohydrate antigens are
expressed as it is, while the protein antigens stretch in the bi-phospholipid layer by
transmembrane proteins [19].

Antibodies are recognition proteins found in the serum and other body fluids of
vertebrates that react specifically with the antigens that induce their formation.
Antibodies belong to a family of globular proteins called immunoglobulins. The
terms antibody and immunoglobulins are used synonymously. They are produced
by the lymphocyte-plasma cell system. Antibodies bind antigen, fix complement,
facilitate phagocytosis, and neutralize toxic substances in the circulation [18]. IgG,
IgM, and IgA are the most significant from the point of view of transfusion medi-
cine. Most clinically significant antibodies are IgG type, reacting at body tempera-
ture (37°C) with the antigens, and cause significant in transfusion reactions as they
are a class of antibodies produced in response to nonself-antigens on the blood
products. IgM antibodies are mostly naturally occurring antibodies [19].

4. Alloimmunization during pregnancy

Alloimmunization can be caused due to pregnancy, blood transfusion, or tissue/
organ transplantation or grafting, due to genetic difference between the individuals
[20]. On exposure to a foreign red cell antigen, the immune system is activated
which is mediated by lymphocytes. The first step involved is recognition of the
antigen by T cell. The recipient’s helper T cell interacts with the MHC class II
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Antepartum Intrapartum Postpartum
Early pregnancy Caesarean section Blood transfusion
Abortion (spontaneous or induced) Manual removal of placenta

Ectopic pregnancy

Late pregnancy

Placetal abruption
Abodominal trauma
Obstetric procedures
Amniocentesis

Chorionic villus sampling
External cephalic version
Fetal blood sampling

Table 1.
Sensitizing events for feto-maternal haemorrhage [24].

molecule expressed on the donor red cells. Following the initial interaction, T cells
trigger a second signal for the B lymphocytes, in order to stimulate humoral
immune response [20, 21]. Initially, IgM class of antibody is produced in primary
response to an antigen and is formed as early as 4 weeks to 3 months period.
However, there is a switch of IgM to IgG class during the secondary response [20].
The secondary response is more rapid, potent, and specific than the primary.
Placenta is a natural barrier present between mother and fetus. Only IgG anti-
bodies can cross the placenta. The transfer is mediated by the neonatal Fc receptors
(FcRn) [6]. The immunoglobulin is bound and transported by FcRn of syncytiotro-
phoblast which also protects IgG molecule from normal serum protein catabolism.
In the first trimester, there is relatively less transfer; however, it subsequently
increases exponentially in the second and third trimester. Mean concentration in the
fetus at the 24th week of pregnancy is 1.8 g/dL. The IgG antibody levels are higher
in the fetus than in the mother toward the term [22]. Of the four subclasses of IgG
antibody, IgG3 and IgG1 are more efficient in RBC hemolysis than IgG2 and IgG4,
though all the four classes are efficiently transferred across the placenta [23].

4.1 Sensitizing events

Transplacental feto-maternal hemorrhage occurs in over 75% of pregnancies.
The average volume of fetal blood in the maternal circulation following delivery is
less than 1 mL in 96% of pregnancies [24]. As the pregnancy progresses, the
possibility of feto-maternal hemorrhage increases, 3% in first trimester, 12% in the
second, 45% in the third, and 64% at the time of delivery as shown by Bowman
[22]. It has been reported that as little as 0.1 mL of antigen-positive blood is
sufficient to cause sensitization in an antigen-negative mother [23]. Feto-maternal
hemorrhage can occur due to various antenatal and postnatal events in Table 1.

5. Pathophysiology for HDFN

HDFN is the destruction of fetal and newborn red cells by maternal alloanti-
bodies specific for the inherited paternal red cell alloantigens. While IgM is usually
detected in the maternal circulation during primary response, IgG is found during
secondary response, which appears about 5-15 weeks after feto-maternal hemor-
rhage. Because exposure to fetal red cells and resulting maternal alloimmunization
typically occurs late during pregnancy and at delivery, and IgM does not cross the
placenta, the fetus and newborn of the first pregnancy are rarely affected. Re-
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exposure to red cell antigen during subsequent pregnancies produces IgG in suffi-
cient concentration [4].

The sensitized fetal red cells by maternal IgG antibody are unable to continue in
the circulation, and these red cells are destroyed by the fetal spleen resulting in
anemia. Compensatory erythropoiesis is induced by fetal anemia initially [25]. The
exception to this rule is antibodies Kell blood group system and MNS system which
cause destruction of erythroid progenitor cells, causing early anemia without eryth-
roblastosis [26, 27]. Hyperdynamic circulation tries to compensate anemia in the
fetus, which subsequently leads to cardiomegaly, and finally fetal hydrops develops
[25]. Due to hemolysis of the fetal cell, there is rise in the bilirubin level in the fetus.
In utero, the bilirubin is excreted by the mother, when it is transported across the
placenta, so the severity of hyperbilirubinemia is not observed. After delivery, the
hemolysis continues, but the comparatively immature liver of the neonate is unable
to sufficiently conjugate the excess of bilirubin. This subsequently leads to severe
hyperbilirubinemia and, when left untreated, could result in “kernicterus” [4, 25, 28].

6. Clinical relevance of different red cell alloantibody specificities
The risk of developing severe HDFN depends on several factors, including Ig

class, specificity of the red cell alloantibodies, and level of expression of the involved
blood group antigen on the fetal red cells and other tissues as shown in Table 2 [25].

6.1 Rh blood group system

Rh system is more complex than the single antigen system. Five principal Rh
antigens D, C, ¢, E, and e are responsible for the majority of clinically significant
antibodies, but over 50 different Rh antigens have been described [29].

Antibody Risk to develop HDFN in antigen-positive children and clinical course of
specificities disease

ABO Low risk for disease, in general mild, incidentally severe

Rh High risk for disease, often (very) severe, otherwise mild

D High risk for disease, (very) severe or mild

c Medium risk for disease, sometimes severe, but mostly mild

E Medium risk for disease, incidentally severe, but mostly mild

Other Rh antigens

Kell High risk for disease, (very) severe or mild

K
Other Kell antigens

Medium risk mild to severe disease

Duffy Medium risk for disease, mostly mild

Fya/Fyb

Kidd Low risk for disease, only mild

Jka/Jkb

MNS Low risk for disease, mostly mild disease, very rarely severe
M,N,S,s Low risk for disease, mostly mild disease, very rarely severe

Other antigens

I, Le, P1, Lu, Yt

No risk, because of very low expression of these antigens by fetal cells

Other antigen
systems

Very low risk, very rarely severe disease can develop

Table 2.
Red cell antibody specificities in reference to induce HDFN [25].
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D is by far the most immunogenic of all the Rh antigens. Hence, it is common in
clinical practice to equate D with Rh and to use the terms Rh-positive and Rh-
negative to describe “D-positive” and “D-negative” [30].

Rh antibodies implicated in HDFN are:

¢ Severe HDFN—anti-D and anti-c [31, 32]

¢ Mild disease—anti-C, anti-E, and anti-e [33-37]

6.1.1 D antigen and antibodies

The D antigen carried by the RhD proteins is the most immunogenic and most
important blood group antigen leading to HDFN. There is no antithetical antigen to
D [4]. The first blood group antigen to be associated with HDFN was described by
Levine et al. in 1945 [9]. About 15% of Western world and 8% of blacks are D-
negative [38, 39]. If a unit of D-positive blood is transfused to a D-negative recipi-
ent, the recipient will form anti-D in around 90% of cases, and subsequently D-
positive red cells cannot be given safely to these patients [29].

Sensitization to D antigen can occur in reaction to less than 0.1 mL of fetal blood,
resulting in formation of anti-D in the maternal circulation [22]. Before 1945, more
than 50% of all fetus with HDFN died of kernicterus or hydrops fetalis, and anti-D
was the most common associated [9, 40]. With improvement of treatment, in
industrialized countries the mortality reduced to 2-3%. But anti-D is still among the
most frequently detected antibodies in sensitized pregnancies.

Very early, it was understood that, if the D-negative mother was carrying an
ABO-compatible D-positive fetus, her risk of Rh immunization was 16%. If the D-
positive fetus was ABO-incompatible, the risk was only 2%. So, the overall risk of
Rh immunization is 13.2% [9].

Not only in Rh-negative pregnancies does anti-D causes HDFN, but also case
reports have been reported for HDFN due to anti-D in Rh-positive pregnancies [41-
43]. These are mostly due to the Rh variants: weak D, Du, and partial D described
by molecular analysis [30].

6.1.1.1 Blocked D phenomenon

The blocking of D antigen sites by IgG anti-D in severe cases of HDFN is a rare
phenomenon explained by Wiener in 1944 [44]. Only a handful of case reports have
been described in the literature [45-48]. The coating of maternal anti-D IgG on the
D-positive red blood cells (RBCs) of the newborn gives false-negative D typing,
when IgM typing reagent anti-D is used. This phenomenon is not limited to anti-D,
but is seen with other blood groups [49]. BCSH describes guideline for resolving
such cases [50].

6.1.1.2 Rh immunoglobulin prophylaxis

Rh immunoglobulin (RhIG) prophylaxis for D-negative pregnant women is
now the international cornerstone for prevention of maternal alloimmunization to
the D antigen and subsequent HDFN [50, 51].

During the mid-1960s, experiments were carried out in various parts of the
world for preventing HDFN due to anti-D. Clinical trials showed that, when
unimmunized mothers who have delivered D-positive infants, were given RhIG
prevented the development of anti-D in the mother. RhIG is obtained from the
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human plasma. RhIG has to be given within 72 h after delivery of a D-positive
infant. Since 1968, RhIG is licensed for prevention of HDFN [9, 21, 22].

The effectiveness of RhIG in order to prevent isoimmunization is determined by
adequate dosage and should be administered before initiation of Rh
isoimmunization [50].

There are various mechanisms describing the role of RhIG in preventing HDFN.
Though antigenic epitopes are not fully masked by anti-D, they are still available for
immune system recognition. But anti-D is be able to destroy RBCs without trigger-
ing the adaptive immune response, by inhibition of FcgammaRIIB signaling in B
cells which is called as antibody-mediated immune suppression (AMIS) [21, 52, 53].
The T-cell response and memory may still be intact.

Various studies were carried out in the 1970s after systemic implementation
of systemic anti-D prophylaxis, which showed reduction in HDFN from
16 to 0.3% [54].

The standard guidelines recommend to administer RhIG as soon after delivery as
the infant is determined to be D-positive or latest within 72 hours after delivery or
after any antenatal procedure, where the risk of feto-maternal hemorrhage is high
as shown in Table 3 [50]. It has been shown experimentally that at least partial
protection is afforded by giving RhIG up to 13 days after exposure to D-positive
RBCs. Rh prophylaxis therefore is recommended up to 28 days after delivery, with
the understanding, however, that the longer the prophylaxis after delivery is
delayed, the less likely it is to be effective [28, 55].

In 2014, Cohen et al. described a case report on severe HDFN caused due to
passive transfer of anti-D from maternal RhIG [56].

6.1.2 Other Rh system antibodies other than anti-D

With widespread use of RhD immunoglobulin, the focus has shifted to the non-
RhD antibodies causing isoimmunization. Other Rh antigens include C, ¢, E, and e
antigens. DCe is the most common haplotype in Caucasians (42%), Native Ameri-
cans (44%), and Asians (70%) [57].

6.1.3 Anti-c

Anti-c is usually described as the next most common cause of severe HDFN after
anti-D. Various case reports have been reported, stating that anti-c
isoimmunization can cause HDFN from mild to severe degree [31, 32, 58, 59]. A
titer of more than 1:32 is associated with hydrops fetalis as described by David et al.
[58]. BCSH guidelines state that women with anti-c should be retested following the
same protocol as for anti-D [50]. Quantification of the antibodies is expressed in
terms of IU/mL. Mothers with antibody concentration of less than 7.5 IU/mL are
advised to continue the pregnancy, while 7.5-20 IU/mL are at a risk of moderate
HDFN and more than 20 IU/mL, severe HDFN. It should be kept in mind that anti-c
causes delayed anemia in neonate [50].

6.1.4 Anti-D + anti-C or anti-G

D-positive or C-positive RBCs have G antigen which was first described by Allen
and Tippett in 1958 [60]. The G antigen is co-distributed either with C or D antigen
which causes anti-G to appear serologically as anti-C plus anti-D [60]. During
pregnancy, it is apparently important to distinguish between anti-D, anti-G, and
anti-D + C. As the pregnancies without anti-D are candidates for the administration
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Recommendations Strength of Quality of
recommendation evidence

Postpartum prophylaxis A I

* Anti-D 120-300 pg within 72 h of delivery B 1I

* Anti-D up to 28 days after delivery C Insufficient

* Routine FMH testing after delivery

Antepartum prophylaxis A I

* Anti-D 300 pg at 28 weeks C 111

* Repeat antibody screening at 28 weeks C 111

* Routine paternal testing D 11

* Anti-D for “weak D” (e.g., Du) D 111

* Repeat anti-D at 40 weeks

Early pregnancy loss and termination B -3

* Anti-D 120-300 pg after spontaneous/induced B jut

abortion B I

* Antibody screening prior to anti-D after abortion B I

* Ectopic pregnancy: 120-300 pg Rh immune

globulin

* Molar pregnancy: 120-300 pg Rh immune globulin

Invasive fetal procedures B 11-3

* Amniocentesis: 300 pg Rh immune globulin B I

» CVS: 120-300 pg Rh immune globulin B 11-3

* Cordocentesis: 300 ug Rh immune globulin

APH, abdominal trauma, ECV, FMH B 111

* Quantitative FMH testing B 1

* Anti-D 120-300 pg following placental trauma

Consent C I

* Informed consent prior to administration of anti-D

Table 3.
Anti-D prophylaxis and quality of evidence available [50, 54, 55].

of RhIG. The administration of RhIG can be avoided if anti-D has already devel-
oped. D-negative mothers with anti-G are potential candidates to receive RhIG in
order to prevent formation of anti-D. It also avoids the associated social

or medicolegal complications [61]. The clinical significance of anti-G alone in
causing mild to severe HDFN still remains controversial [62]. The isolation of
anti-G by double adsorption and elution is a tedious and relatively complex
procedure [63]. The technique to distinguish anti-D + C from anti-G is recently
described by Fatima et al. [64].

6.1.5 Anti-C, anti-E, anti-e, and others

Anti-RhC, anti-RhE, and anti-Rhe antibodies are of Rhesus family and
usually occur in low titer in conjunction with anti-RhD antibody. Their presence
can be additive to the hemolytic effect of the anti-RhD on the fetus [65, 66].
Various reports have been published on pregnancies alloimmunized only to
RhE [36, 37].

Hardy and Napier in their review of red blood cell antibodies among Rh-positive
women in South and Mid Wales over a 30-year period (1948-1978) described two
infants with hemolytic disease caused by anti-C [67].

Anti-e is usually a very rare cause of HDN; the disease is usually mild [68].

In addition to the above antibodies, there are many other antibodies belonging to
Rh family which are associated with HDFN [35, 69, 70].
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6.2 Kell blood group system

A mnemonic goes “Duffy dies, Kell kills, and Lewy lives” [71]. Kell blood group
system is clinically significant in terms of transfusion medicine and perinatology. It
relates to the polymorphic nature of the Kell protein. It is also associated with the
Kx and Gerbich blood group systems. K is formed in fetuses of 10-11 weeks and k at
6-7 weeks of gestation [72, 73].

Alloimmunization to Kell blood group antigens is due to previous blood trans-
fusion or feto-maternal hemorrhage induced during pregnancy [73]. Kell
alloimmunization is the second major cause for fetal hemolytic anemia, with a
reported and still increasing incidence in a large US series of 3.2 in 1000 and
affecting 1 in 10,000 neonates [74].

6.2.1 Anti-K

Anti-K antibodies differ from the other blood group system antibodies that
cause HDFN in suppressing fetal non-hemoglobinized erythropoiesis, causing
severe anemia and often death of the fetus. The high bilirubin level is not a charac-
teristic feature as the precursor cells are destroyed. Amniocentesis therefore does
not give an indication of the severity of the disease. Successful management of RBC-
alloimmunized pregnancies depends on early detection of fetal anemia and timely
intervention by intrauterine blood transfusions [75-77].

Perinatal survival in severe Kell alloimmunization was only 58% as recorded
after implementation of routine screening nationwide in the Netherlands from 1988
to 2005 [75].

In some countries it is usually practiced to give K-negative red cells for girls and
women of childbearing age group [78].

6.3 Detection of feto-maternal hemorrhage (FMH)
6.3.1 KB test

As mentioned earlier, feto-maternal hemorrhage increases as the pregnancy
progresses: 3% in the first trimester, 12% in the second, 45% in the third, and 64%
at the time of delivery [22]. These fetal cells which have crossed the placenta can be
detected by acid elution method of differential staining described by Kleinhauer
and Betke in 1960 [79].

6.3.2 a-Fetoprotein (a-FP)

a-FP is an analogue of albumin [6]. Seppala and Ruoslahti in 1972 and Caballero
et al. in 1977 used o-FP as an index of transplacental hemorrhage (TPH) [80, 81].

6.3.3 Others

Apart from quantification, the serological methods for detecting transplacental
hemorrhage are also available. This includes rosetting test and flow cytometry.

Rosetting test is not sensitive, as it needs at least 15 mL or more of fetal cells to be
present in the maternal circulation to give a positive result [19].

Flow cytometry is the most sensitive test technique in detecting the amount of
TPH [19, 82].
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The other surrogate markers of FMH include enzyme-linked antiglobulin test
(ELAT), placental alkaline phosphatase (PLAP), polymerase chain reaction (PCR),
and fluorescence in situ hybridization (FISH).

6.4 Antibody screening

It had been a common practice to screen the sera of all Rh(D)-negative pregnant
women for Rh antibodies. Later, when it was found that Rh(D)-positive women
could also have babies with HDFN due to Rh antibodies (other than anti-D) and
non-Rh antibodies, it was suggested that sera from all pregnant women should be
screened for antibodies [6, 25, 83].

6.4.1 Screening methods

The indirect antiglobulin test (IAT) using reagent red cells suspended in low
ionic strength saline (LISS) is the most suitable method for detection of clinically
significant red cell antibodies [84]. Column agglutination methods, liquid-phase
tube tests, and solid-phase methods have also been found to be suitable [50].

6.4.2 Guidelines for antenatal antibody screening

Various countries have developed guidelines for screening of antenatal cases.
Scientific Section Coordinating Committee of the American Association of Blood
Banks (AABB) has issued guidelines (not AABB standards) for serological testing of
pregnant women [85]. Table 4 shows the recommendations for prenatal testing.
The BCSH Task Force has also laid guidelines in 2007 for blood grouping and
antibody testing in pregnancy as follows [50]:

Testing and condition

Timing

ABO

First pregnancy
Subsequent pregnancies
Other

Initial visit
Initial visit
For pretransfusion testing

Rh (test for weak D optional)
First pregnancy

Subsequent pregnancies
Other

Initial visit and at 26-28 weeks’ gestation
Initial visit
For pretransfusion testing

Unexpected antibodies
All pregnancies

D— pregnancies

D+ pregnancies

Other

Initial visit

Before Rh Ig therapy (optional)

Third trimester if transfused or history of unexpected
antibodies

For pretransfusion testing

Antibody identification
Unexpected antibodies present
Confirmatory testing

Upon initial detection
At time of titration

Antibody titration

Rh antibodies

Other potentially significant
antibodies

Upon initial detection

Repeat at 18-20 weeks’ gestation

Repeat at 2- to 4-week intervals if below critical titer [16-32]
As above, with discussion with obstetrician

Table 4.
AABB recommendations for prenatal testing [85].
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 “All pregnant women should have samples taken early in pregnancy, ideally at
10-16 weeks gestation, for ABO and D typing and for screening for the
presence of red cell alloantibodies.”

» “All pregnant women, whether D-positive or -negative should have a further
blood sample taken at 28 weeks gestation for rechecking the ABO and D group
and further screening for red cell alloantibodies.”

* “No further routine blood grouping or antibody screening is necessary after
28 weeks of gestation.”

Australian and New Zealand guidelines have been adapted from AABB recom-
mendations for pregnant women [85, 86]. However, repeat testing of RhD-negative
women only at 28 weeks, prior to administering RhIG, is becoming the accepted
protocol in most Australian centers, eliminating the norm of antibody screening
at 34-36 weeks. In New Zealand, in the absence of routine antenatal prophylaxis,
the normal practice is to test RhD-negative women at 28 and 36 weeks of
gestation [86].

The latest guidelines for alloimmunized pregnancy framed and followed in Japan
since 2014 are as follows [87]:

* “Identify the antibody when a screening test, such as the indirect Coombs test,
suggests the presence of an atypical antibody against red blood cells.”

* “Assess the titer of the antibody if the antibody belongs to IgG class that may
cause hemolysis in the fetus.”

* “Monitor the fetal well-being, paying special attention to anemia and hydrops,
in women with an elevated titer of an IgG antibody that may cause hemolysis
in the fetus.”

* “Be prepared to administer un-crossmatched packed red blood cells compatible
with an ABO blood type if the pregnant woman develops unexpected massive
bleeding.”

6.5 Methods of red cell antibody detection and identification

Antibody detection plays a critical role in detection and monitoring of antenatal
cases who are at risk of delivering neonates with HFDN [88].

Most of the clinically significant antibodies are IgG in nature, which are non-
agglutinating or incomplete antibodies, so they can only sensitize red cells but
cannot produce agglutination. Coombs et al. in 1945 described “antiglobulin test”
for detection of these non-agglutinating antibodies [89].

The presence of red cell antibodies in patient’s serum or plasma and an
in vitro reaction between red cell detection are demonstrated by indirect antiglob-
ulin test [89]. Indirect antiglobulin test is considered to be the most effective and
reliable method for detection of clinically significant antibodies [84]. Several
studies have shown that the column agglutination test is better than tube and
solid-phase tests.

The gel technique has shown sensitivity as compared with conventional test
tube (CTT) methods (93.5-100% for CAT vs. 50% for CTT) [90-93]. The
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sensitivity of SPRCA has been found to be superior to CTT and comparable with
that of CAT [94].

6.6 Quantification of antibody in the serum

Titration is a semiquantitative method to estimate the strength and concentra-
tion of antibodies present in a serum sample [95]. Titers give only rough estimates
of the amount of antibody bound to the target RBCs and do not measure the amount
of antibody remaining free in solution at the endpoint of agglutination [96]:

* The critical titer for anti-D (the level below which HDFN and hydrops fetalis are
considered unlikely is usually 16 or 32 in antihuman globulin (AHG) phase).
These titer criteria apply to anti-D, to other Rh antibodies, and generally to other
clinically significant antibodies, with anti-K as possible exception.

o A critical titer of 8 is considered for anti-K.

* Aslong as the titer is 8 or lower (except anti-K), the pregnancy can be followed
up every 4-6 weeks until delivery.

* A difference of two dilutions or a score of 10 is considered a significant

change [4].
* A score may also be assigned, based on the strength of reactivity.

* Each reaction is given a value, and score is determined by adding up individual
values.

* Most hospitals have set up their critical antibody titer, at which amniocentesis
is recommended.

There are various methods of performing the titration, conventional tube test
(CTT), or by gel microcolumn assay (GMA) [95, 97]. A study by Thakur et al.
showed that gel technique is more sensitive for antibody detection. It does not show
a linear correlation with tube titers in predicting the outcome in RhD-sensitized
women, while Rachel et al. suggested that GMA gives comparable results to the CTT
in titrating alloantibodies to Rh and Kell antigens [95, 97].

6.7 Amniotic fluid analysis

Amniocentesis is helpful in determining the overall condition of the fetus and is
mostly indicated when the clinically significant maternal antibody titer is 1:32 or
greater in the fourth or fifth month of pregnancy [4, 19, 98]. If there is a history of a
previous pregnancy complicated by HDN, amniocentesis is indicated regardless of
the present maternal serum antibody titer.

In 1961, Liley developed a chart depicting change in amniotic fluid bilirubin
levels (delta OD450) with period of gestation, with three zones delineating the
severity of rhesus disease [99]. The chart is useful only after the 27th week of
gestation. Currently, cordocentesis is the only reliable means of assessing the
fetal condition accurately prior to 27 weeks. In 1993, Queenan proposed a chart
showing delta OD450 from 14 to 40 weeks, with four zones to guide
management [100].
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6.8 Other methods for assessing the severity of HDFN
6.8.1 Ultrasound

Some of the pathophysiological changes in the fetus due to anemia could be
shown using ultrasound [6]. Real-time sonography accurately predicted the clinical
course in 86% of the cases, with no false-positive predictions [101].

With recent advances, Doppler ultrasonography, which measures fetal hemo-
dynamics, has been used, and it gives better results in predicting fetal anemia as
early as the 18th week. The Doppler assessment of peak systolic velocity in the
middle cerebral artery (MCA-PSV) is done [102]. It is hypothesized that faster rate
of blood flow indicates a more severely anemic fetus, with severe anemia being an
indicator of fetal hydrops.

6.8.2 Fetoscopy, percutaneous umbilical blood sampling (cordocentesis), and chorionic
villus biopsy

Fetoscopy is a technique in which the second-trimester fetus can be visualized
directly and fetal blood (or other tissues) can be sampled through an endoscope
introduced transabdominally into the amniotic cavity. The technique is only reliably
successful at 16 weeks of gestation and later. Fetoscopy carries a mortality rate of
5% as compared to a 1-2% mortality rate after midtrimester amniocentesis. The
fetal blood can be tested for blood type, DAT, hemoglobin, and hematocrit [96].
MacKenzie and coworkers suggested that the technique would be of benefit in cases
where the father of the baby is known to be heterozygous for the offending blood
group antigen in the following situations:

1. Patients with a history of previous babies having severe HDFN.

2. Patients with high-titer anti-D (e.g., in excess of 20 IU/mL) during the first
20 weeks of pregnancy.

6.8.3 Prenatal determination of fetal blood groups

The father’s probable genotype is predicted. If the father is thought to be homo-
zygous, the baby is assumed to possess the putative antigen. If the father is hetero-
zygous, there is a 50% chance that the baby is antigen-positive [6, 96]. Antenatal
genotyping of the fetus is now in widespread use as an aid to the clinical manage-
ment in cases where there is a possibility of occurancy of hemolytic disease of the
newborn [121]. Molecular genotyping is a major clinical application which has led to
the determination basis of blood group antigens expressed, most of which have
been defined at the level of the gene. All assays used are dependent on the poly-
merase chain reaction amplification of fetal DNA derived from.

6.8.4 In vitro predictive tests utilizing functional cellular assays

They are based on the in vivo mechanisms of RBC immune destruction. The
interactions with the monocytes are measured by recording RBC adherence/
phagocytosis by a monocyte monolayer assay (MMA), antibody-dependent
cellular cytotoxicity (ADCC) using 51Cr-labeled RBCs, or a chemiluminescence
test (CL) using luminol. These tests are not very accurate in predicting the severity
of HDEN [6, 96].
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6.9 Antenatal treatment of hemolytic disease
6.9.1 Plasma exchange in mother

A known therapeutic approach for red cell alloimmunization is plasmapheresis
in the mother in order to reduce maternal antibody titer [103]. In the current era,
plasma exchange treatment appears to be useful in cases of HDFN developed early
in pregnancy (before 20 weeks). The American Society for Apheresis in 2013
proposed that plasmapheresis should be considered early in pregnancy (from the
7th to the 20th week) and continued until IUT can be safely administered (approx.
20 weeks of gestation) [104].

6.9.2 Absorption of alloantibodies onto ved cells

Plasma containing the antibodies is drawn from the patient, the antibodies are
absorbed using appropriate cells, and then plasma is returned to the patient [19].
During the 1980s, this procedure was attempted by Robinson and Yoshida et al. for
an Rh-immunized woman [105, 106].
6.9.3 Intravenous immunoglobulin given to the mother

The use of intravenous immunoglobulin (IVIG) to the mother is one of the
alternative strategies developed in past 20 years for the management of severely
alloimmunized pregnancies [107]. The mechanism by which IVIG might act is
saturation of FcRn, thereby inhibiting placental transfer of anti-D to the fetus as
shown by Morgan et al. in 1991 [108]. A single course of 2 g/kg over 5 days or
repeated weekly injections of 1 g/kg have been tried in conjunction with plasma
exchange or with intravascular transfusion of the fetus [109]. There is no other
description of the dosing during the antenatal period.
6.9.4 IVIG given to the fetus

IVIG given to the fetus did not show any beneficial effect [19].

6.9.5 Intrauterine transfusion

In 1970, Pontuch stated five strategies as a preventive measure for HDFN, which
are valid to this day [110]:

1. “Prevention of leakage of fetal erythrocytes into maternal circulation and
antibodies in the opposite direction”

2. “Blockage of antibody production in the maternal circulation”

3. “Prevention of sensitization of maternal erythrocytes with fetal erythrocytes”
4.“Prevention of Rh sensitization by anti-D administration”

5. “Intrauterine transfusion in pregnancy”

One of the oldest methods, introduced by Sir William Liley, is intraperitoneal

fetal blood transfusion into the abdominal cavity of the fetus under X-ray guidance
[111]. The donor cells were absorbed into the fetal circulation via the
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subdiaphragmatic lymphatics and thoracic duct, which, in conjunction with the use
of amniotic fluid analysis for bilirubin levels, markedly improved the management
of Rh-sensitized pregnancies.

From the time of its initiation, IUT has come a long way. Initially, it was
intraperitoneal, but in 1981, Rodeck et al. described intravascular transfusion by
using the umbilical cord and fetoscope [112].

The formula for calculation of blood volume for IUT is shown below [113]:

Desired PCV-Fetal PCV) x Fetoplacental BV

_(
V= (Donor PCV-Desired PCV)

Red cell prerequisites for IUT as described by BCSH guidelines are as follows
[113]:

* “Group O (low titre haemolysin) or ABO identical with the fetus (if known)
and RhD negative”

* “IAT-cross-match compatible with maternal serum and negative for the
relevant antigens determined by maternal antibody status”

* “Less than 5 days old and in citrate phosphate dextrose (CPD) anticoagulant”
* “CMV seronegative and irradiated”

* “Should have a haematocrit (packed cell volume, PCV) of up to but not more
than 0.75”

* “Not be transfused straight from 4°C storage”
¢ “The rate of transfusion should be 510 mL/min”

The target of a single IUT is to reach Hct 48-55% in non-hydropic fetuses [103].

6.9.6 Induction of GvHD

Immunomodulatory effect due to transfusion to the fetus by IUT due to the HLA
group of the donor causes GvHD [19].

6.9.7 Premature delivery

Premature induction of labor may be considered, as after the birth of the infant,
placental transfer of antibody ceases [6, 28].

6.10 Postnatal intervention for hemolytic disease

6.10.1 Exchange transfusion
The main purposes of exchange transfusion in HDFN are as follows [28, 114]:
1. With sedimented red cells, it can raise the hematocrit without increasing the

blood volume of a severely affected erythroblastotic newborn infant in the first
minutes of life.
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2.1t can remove antibody-coated cells from the circulation of newborn before
they hemolyze and produce bilirubin.

3.1t can remove bilirubin in the circulating plasma and some from extravascular
areas, so that its concentration can be kept below levels which are generally
considered to be toxic to tissues—particularly central nervous system tissues.

The method was introduced by Diamond (1947). Blood was withdrawn and
injected, intermittently, through a plastic catheter passed up the umbilical vein [110].

For HDFN double-volume exchange is mostly preferred, where approximately
85% of the blood volume is replaced and will cause an approximate reduction of
50% in pre-exchange bilirubin level [114-116]. The American Academy of Pediat-
rics (AAP) has published guidelines, recommending not to initiate early ET, such as
within the first 12 h of birth. The bilirubin threshold for the start of ET depends on
the gestational age at which the baby is born [117].

Components used in exchange transfusion.

Red cells for exchange transfusion should meet the following BCSH criteria
[113, 118]:

* “Group O or ABO compatible with maternal and neonatal plasma, RhD
negative (or RhD identical with neonate)”

* “Negative for any red cell antigens to which the mother has antibodies”
* “IAT-cross-match compatible with maternal plasma”

* “5days old or less (to ensure optimal red cell function and low supernatant
potassium levels)”

* “Collected into CPD anticoagulant and CMV seronegative”

¢ “Irradiated and transfused within 24 h of irradiation. Irradiation is essential if
the infant has had a previous IUT and is recommended for all ETs”

¢ “Hematocrit of 0.50-0.60”

* “Not to be transfused straight from 4°C storage. Care should be taken to avoid
over-heating of the component”

Fresh frozen plasma (FFP)—The RBCs are suspended in AB plasma in order to
provide plasma proteins, coagulation factors, and albumin [113]. Reconstituted
whole blood is prepared by adding appropriate amount of FFP into the RBC unit
which is preservative-free. The hematocrit of the unit should be 40-45% [119].
Volume of blood for exchange is calculated using an estimate of the neonate’s
circulating blood volume [113]:

* Term infants: 80-160 mL/kg

* Preterm infants: 100-200 mL/kg

| Volume to be exchange = 2 x circulating blood volume|

The volume to be given is calculated below [119]:
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Total volume (in mL) = infant’s weight in kg x 85*mL/kg x 2
Absolute volume of RBCs required (in mL) = total volume x 0.45 (desired hematocrit)
Absolute volume

Actual vol f RBC ired (inmL) =
ctual voume © s required (in mL) Hematocrit of unit after any manipulation

Necessary volume of FFP = total volume required — actual volume of RBCs required

*(85-100 mL/kg, depending on estimated blood volume)

6.10.2 Phototherapy

Phototherapy has been proven to be effective in treatment of hyperbilir-
ubinemia by denaturing the bilirubin at appropriate wavelength [28]. AAP and
NICE have laid down guidelines for initiation of treatment, considering gestational
age, birth weight, and cause of hyperbilirubinemia [117, 120].
6.10.3 Intravenous immunoglobulin

IVIG blocks the Fc receptor sites on the cells of the reticuloendothelial system,

thus preventing the hemolysis of sensitized cells. It is mostly used for ABO HDFN
and is not very effective in anti-D-mediated HDFN [25, 28].
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Abstract

Prenatal detection of the fetal RHD status in early stage of pregnancy is
observed to be useful in the management of RhD incompatibility to identify
fetuses at risk of hemolytic disease. The routine use of antenatal and postnatal
anti-D prophylaxis reduces the incidence of hemolytic disease of the fetus and
newborn. Cell-free fetal DNA in maternal plasma is in use today for routine geno-
typing fetal RHD status. Fetal RhD antigens can be detected in the blood of RhD-
negative pregnant women using a nanopolymer-coated biosensor and could be an
alternative method for medical diagnosis. We detected RhD-positive fetal antibod-
ies with biosensor in maternal blood of RhD-negative mothers. The electrochemi-
cal measurements were performed on a PalmSens potentiostat and corundum
ceramic-based screen-printed gold electrode. The demonstrated method has a dif-
ferent view for the detection of fetal RhD status in early pregnancy. The biosensor
technology is useful and can be carried out rapidly in clinical diagnosis. Biosensors
are also reproducible methods which give results quickly compared to noninvasive
fetal RHD genotyping with real-time PCR-based techniques. We suggest that this
method could become an alternative part of fetal RHD genotyping from maternal
plasma as a prenatal screening in the management of RhD incompatibility.

Keywords: RhD incompatibility, fetal RhD, biosensor, hemolytic disease,
RhD antigen

1. Introduction

The discovery of circulating fetal DNA by Lo et al. [1] has opened new possibili-
ties for noninvasive prenatal diagnosis for investigators. It has been shown that this
new source of fetal DNA also could be used for noninvasive prenatal determination
of fetal RhD genotyping using the plasma of RhD-negative pregnant women [2].
RhD genotyping from maternal plasma is a valuable method to identify pregnancies
that has a risk of hemolytic disease of the fetus and newborn (HDFN) [3].

The HDFN is caused by IgG antibodies of the mother that cross the placenta to
red cell surface antigens and facilitate destruction to the immune defense of fetal
red cells or erythroid progenitors. This causes a significant rate of morbidity and
mortality for the fetus. RhD antigen of the rhesus system is the most commonly
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implicated antigen [4, 5]. Prophylaxis after delivery with anti-D immunoglobulin
reduces the alloimmunization of RhD-negative women [4]. RhD alloimmunization
has to be monitored for fetal anemia in complicated pregnancies for effective pre-/
postnatal transfusion treatment to prevent the baby from hydrops fetalis [3, 6].

Postnatal prophylaxis was used since the 1960s, with serology test used to identify
the baby’s RhD status [7]. The routine antenatal prophylaxis in the third trimester
of pregnancy is now a standard implementation in many countries [4, 8, 9]. This
application reduces the maternal sensitization and the HDFN in babies [7].

Invasive procedures should be avoided in alloimmunized pregnant women
because of the risk of transplacental hemorrhage (amniocentesis has the risk up to
17%), and the risk of pregnancy loss was found to be up to 2% after amniocentesis
and chorionic villous sampling (CVS), respectively [10].

In this chapter we aimed to share our experiences about the determination
of fetal RhD genotyping with cffDNA and detection of fetal RhD antigens from
maternal blood using a new biosensor as a candidate method for management of
RhD incompatibility.

2. RhD incompatibility and management

The knowledge about the fetal RhD type supports the management of alloim-
munized pregnancies in RhD-negative women [11, 12].

Prophylaxis after delivery is offered only to RhD-negative women who have
given birth to an RhD-positive baby [9, 13]. This prevents babies from rhesus dis-
ease and reduces maternal sensitization. Routine antenatal anti-D prophylaxis use
was first introduced in the mid-1990s. The sensitization rates were then reported to
reduce from 1.2% for the earlier policy to 0.28% [7]. Commonly in white popula-
tion, however, about 38% of these women would be carrying an RhD-negative
fetus and thus receive anti-RhD immunoglobulin, a pooled human plasma product,
unnecessarily [14, 15]. Fetal RHD genotyping with cell-free fetal DNA (cffDNA)
is accepted as a useful method by obstetricians in early pregnancy for the manage-
ment of RhD incompatibility. Since 2001, several European countries use cffDNA
in maternal blood for noninvasive prenatal diagnosis of fetal RhD status [3]. There
is also change in the measurement method in the hemolysis detection. This invasive
method which detects the optical density at a wavelength of 450 nm in amnion fluid
replaced by detect the fetal anemia by the Doppler measurement of the peak veloc-
ity of systolic blood flow in the middle cerebral artery [16].

3. Fetal RhD genotyping with cell-free fetal DNA

Prenatal care strategies for the fetus with RhD have been changed significantly
during the last few decades. Discovered cffDNA from plasma of pregnant women
by Lo et al., in 1997, has been used for the noninvasive detection of fetal RhD status
which avoids RhD-negative women from antenatal anti-RhD prophylaxis [17-20].
3.1 Methods and sample preparation
3.1.1 Sample preparation

Maternal blood (10 cc) was collected from each pregnant woman and placed

into an EDTA tube. Centrifugation step was applied within 1 h (at 1600 x g, 10 min)
after separating maternal plasma. After centrifugation the plasma was removed
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carefully from the collection tubes and transferred into polypropylene tubes.
Another centrifugation step was done at 16,000 x g (10 min). The plasma superna-
tants removed to new polypropylene tubes and stored at —20°C until other pro-
cesses. Collected plasmas were thawed, and the DNA was automatically extracted
from 1 mL of plasma as reported previously [9, 21, 22].

3.1.2 Fetal RhD genotyping

RHD genes (exons 5 and 7) were analyzed from isolated cffDNA samples. The
oligonucleotide primers used to perform real-time quantitative PCR are reported in
Table 1 [9]. The gene of DYS14 was tested to confirm the presence of male fetal DNA,
and the beta globin (p-globin) gene was used as a reference to confirm the presence
of cffDNA [10]. Real-time PCR performed in a LightCycler 480 (Roche Applied
Science, Basel, Switzerland) using 96-well plates. The PCR mixture was 50 pL in total
volume that contains 300 nM of each primer, 50 nM probe, 2 x TagMan Universal
PCR master mix (Roche Diagnostics, Basel, Switzerland), and 15 pL of template
DNA of plasma samples. The PCR cycling conditions were as follows. Incubation
step was 50°C for 2 min and 95°C for 10 min. Amplification step was 95°C 15 s and
60°C 60 s (50 cycles). The p-globin gene protocol was the initialization step at 95°C
for 10 min, followed by 95°C 155, 57°C 10 s, and 72°C 10 s (40 cycles). Samples were
analyzed in triplicate. Calibration curves were run also for each analysis [21].

The clinical features of the subjects studied (mean age and week of pregnancy)
are shown in Table 2. Fifteen fetuses were found to be RhD-negative females. The
RhD status of the fetus was predicted in 70 pregnancies in our study. The gender
determination of the fetuses was shown in Table 3.

We have shown that fetal RHD genotyping by multiplex real-time PCR is
applicable and readily performed, with a high accuracy rate, as a routine clinical
test in prenatal diagnostic laboratories in Turkey. This method avoids unnecessary

Primer Sequence (5'-3") Label

RHD exon 7

Forward GGGTGTTGTAACCGAGTGCTG None

Reverse CCGGCTCCGACGGTATC None

TaqMan probe CCCACAGCTCCATCATGGGCTACAA FAM-TAMRA

RHD exon 5

Forward CGCCCTCTTCTTGTGGATG None

Reverse GAACACGGCATTCTTCCTTTC None

TaqMan probe TCTGGCCAAGTTTCAACTCTGCTCTGCT VIC-TAMRA

DYS14

Forward CATCCAGAGCGTCCCTGG None

Reverse TTCCCCTTTGTTCCCCAAA None

TaqMan probe CGAAGCCGAGCTGCCCATCA FAM-TAMRA

Beta globin

Forward ACACAACTGTGT TCACTAGC None

Reverse CAACTTCATCCACGTTCACC None

TaqMan probe GAAGTCTGCCGTTACTGCCCTG LC-Red
Table 1.

Primer and probe sequences used in RHD genotyping [9].
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RhD status Age (years) Gestational age Immunization
X + SD (min-max) X + SD (min-max) Yes (n, %) No (n, %)
RhD-negative (n = 26) 291+ 6.0 (20-39) 20.2 + 8.6 (10-38) 12 (46.2) 14 (53.8)
RhD-positive (n = 44) 286 + 6.1 (18-39) 16.9 + 6.9 (9-38) 11 (25.0) 33 (75.0)
Table 2.

Clinical featuves of the study population [9].

Gestation N RhD positive, n RhD negative, n Accuracy of RHD and sex
weeks (%) (%) genotyping, %
Male Female Male Female
6-12 38 10 18 3 7 100
13-28 20 3 5 7 5 100
29-40 12 6 2 1 3 100
Subtotal 19 25 11 15
Total 70 44 (62.8%) 26 (37.2%) 100
Table 3.

Fetal RhD and sex status of maternal plasma samples [9].

immunoprophylaxis in RhD-negative women bearing RhD-negative fetuses. We
suggest that RHD genotyping should become an essential part of prenatal screening
in the management of RhD incompatibility [9].

4, Biosensor in use to detect fetal RhD in maternal blood

Nowadays biosensors are universal devices which is used in biomedical diag-
nosis such as point-of-care monitoring of treatment and disease progression, drug
discovery, forensics, and biomedical research [23]. They are widely used in different
areas of healthcare [24]. The two main examples of biosensors are pregnancy tests
and glucometers which are very successful devices. Biosensors have different trans-
ducing mechanisms based on signal generation (such as an electrochemical or opti-
cal signal) following the formation of antigen-antibody complexes [25]. Antibodies,
enzymes, and synthetic biomolecules that are high-affinity reagents can be coupled
to the transducer in order to provide specificity of the biosensors [23, 26].

We designed a new nanopolymer-coated electrochemical biosensor which is spe-
cific for the detection of fetal RhD antigens in the blood of pregnant women and results
compared with cffDNA RHD genotyping with real-time PCR [26]. Biosensor technol-
ogy is reproducible which can be used many times. The results can be generated quickly
within a few minutes when compared to noninvasive fetal RHD genotyping with
real-time PCR-based techniques. We suggest that biosensor technology could become a
candidate method in early pregnancy in the management of RhD incompatibility.

4.1 Materials and methods
The bioelectrochemical measurements were performed with PalmSens potentio-
stat systems and gold working electrode combined with the auxiliary Au/Pd (98/2%)

electrode and the reference Ag/AgCl electrode. Thermostatic working cell, magnetic
stirrer, automatic pipets, and Milli-Q ultrapure water were used in the experiments.
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4.1.1 Preparation procedure of the Au electrode surface

Cleaning electrode. First off all, the base of the working electrode surface was
polished with alumina. And then the polished working electrode was sonicated
in pure ethanol and Milli-Q ultrapure water for 10 min for removing undesired
absorbable particles, respectively. For the last step of the electrode cleaning, five
successive cyclic voltammogram sweeps were taken with bare working electrode
between —1.0 and +1.0 V in 0.1 M HNO3 solution.

RhD antibody immobilization onto Au electrode surface. Poly(Hema-Mac)
nanopolymer was immobilized on the clean electrode’s surface at room tem-
perature via anilin (20 pL anilin and 20 pL RhD antibody). For trapping the
antibody, a cross-linking agent (2.5% glutaraldehyde) was used. The modified
working electrode was cleaned with Milli-Q ultrapure water for removing
unbinding materials.

Principle of the electrobiochemical measurement. The measurement is based on
the oxidation-reduction reactions of the RhD antibodies. All the measurements per-
formed with thermostatic reaction cell included phosphate buffer (50 mM, pH 7.0)
and potassium ferrocyanide [K;Fe(CN)¢] as mediator complex, at 35°C. The charge
transfer capacitance (electrochemical potential difference) of antigen-antibody
interaction difference was measured by biosensor system (Figure1).

Preparation of the samples. The working group has 26 RhD-negative primigravi-
das. All of them were admitted to the Department of Gynecology and Obstetrics
and to the Department of Medical Biochemistry for prenatal diagnosis in differ-
ent gestational ages (8th-36th weeks) that were analyzed in biosensor study for
RhD status (Table 4). Written informed consent that was approved by the Ethics
Committee of the Faculty of Medicine of Cukurova University was obtained from
each subject. Blood samples were collected at ethylenediaminetetraacetic acid
(EDTA) tube (Becton Dickinson, Bangkok, Thailand). Blood group test was identi-
fied by the Blood Bank Centre using slide/tube agglutination test, which includes
antibodies against red blood cell antigens.

4.2 RhD antibody immobilization

UV polymerization of anilin was used for RhD antibody immobilization. Anilin’s
reduction potential is reducing at the UV light. A reversible manner was showed
on the uncovered working electrode of the cyclic voltammogram of redox probe
Fe(CN)¢*"/*~ (Figure 2). To inhibit the charge transfer among redox probe in solu-
tion on the Au electrode, a bioactive layer was applied on the surface of the elec-
trode. The reversible behavior of the cyclic voltammograms turned into a capacitive
shape (Figure 2).
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Figure 1.
The principle of the biosensor [26].
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Clinical features of the samples in biosensor study for RhD status [26].
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Figure 2.

Rth biosensors cyclic voltammogram for the immobilization steps. Red line: uncovered gold electrode; blue line:
UV polymerized. (Working conditions: incubation time 1 h for RhD antibody; 50 mM electrochemical redox
probe solution; and mediator complex pH 7.0 potassium ferrocyanide [K,Fe(CN)¢] ). For detection of RhD
antigen in maternal sample, the optimal curve of the biosensors potential range was 0.2—1.4 V [26].

4.3 Biosensors optimization trials

Working condition optimization studies were performed to determine the most
suitable working conditions for using the biosensor. For this aim, the mediator con-
centration, cross-linker concentration, RhD antibody concentration, temperature
effect, pH, and repeatability were studied.

Concentration of RhD antibody. Determination of the antibody concentration
effect on the biosensor response, different RhD antibody concentrations (0.05,
0.10, 0.15, 0.20 ng/mL) were applied on the surface of biosensor. The RhD antibod-
ies optimum concentration was determined at 0.10 ng/mL.

Mediator and cross-linker concentration. In order to investigate the effect of
the mediator concentration on the biosensor response, potassium ferrocyanide
of 1.25 and 2.5 mg/dL was used in the preparation of the biosensor. To determine
the effect of cross-linker concentration on the biosensor, the concentrations of
glutaraldehyde of 12.5 and 2.5% were used. The optimum was value obtained
at 2.5%. According to the results obtained from the experiments, the media-
tor complex of 1.25 mg/dL was assigned as the most effective result for the
biosensor.
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The pH effect. For the pH values’ effect on the biosensor response, different
buffer systems were investigated. For this aim, acetate (50 mM, pH 5.0 + 5.5), phos-
phate (50 mM, pH 6.0 + 6.5 + 7.0 + 7.5), and Tris-HClI (50 mM, 8.0 + 8.5) buffers
were used. The optimum pH value was found at 7.0 due to 100% activity rate. Above
and below pH 7.0 can cause a decrease in the biosensor response.

Temperature effect. To examine the temperature effect on the biosensor
response, the assay was performed by different temperatures (10 + 55°C). The
optimum working temperature of the biosensor system was detected as 35°C. The
biosensor response is directly increased with temperature until 35°C, but further
increase in temperature caused a decrease on the biosensor response.

Repeatability. Determination of the repeatability of the biosensor experiments
were also studied for 1 pM RhD concentration (n = 10). From the assays the mean
value (x), standard deviation (SD), and coefficient of variation (CV %) were found
tobe 2.68 + 0.06 pM and 2.23%, respectively. From the results, the repeatability of
the biosensor response can be accepted as well as within the given concentration of
RhD according to the 95% confidence interval.

4.4 Characterization of RhD antibody biosensor

The graphic shown as Figure 3 is the concentrations of RhD in different gestational
age of pregnant women. The slope of the curves increased with the increasing fetal RhD
antigen concentration which depends on gestational ages of the samples (Figure 3).

Linearity. The linearity study for the RhD biosensor was obtained in concentra-
tion range between 1 and 250 ng/mL. At higher concentrations, standard curve
showed a deviation from linearity.

Fetal RHD genotyping. The cffDNA used for fetal RhD status of the fetus is
studied in 26 pregnancies with multiplex real-time PCR for RHD gene exons 5 and 7.
Twenty-one of 26 cffDNA were detected as RhD positive, and 5 of 26 were detected
as RhD negative (the same results as detection with RhD biosensor). The results of
the fetuses were confirmed after the delivery by serological and molecular tests.

Currantis

Hi-

Potemtial®’

Figure 3.

Detection of increasing fetal RhD antigen with biosensor in different gestational age and mother’s blood. Sloped
line 1: RhD-negative sample; sloped line 2: sample 8th week of gestation; sloped line 3: sample 13th week of
gestation; sloped line 4: sample 21th week of gestation; sloped line 5: sample 36th week of gestation [26].
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5. Conclusions

The new biosensor design, which detects RhD status of the fetus in the early
stage of pregnancy in RhD-negative pregnant women blood, is suggested as a
candidate method in fetal RhD management. RhD antibody is immobilized using
UV polymerization of anilin. To characterize the electrochemical properties of the
biosensor surface, impedance measurements were applied. For binding the formed
stable bioactive layer showed binding of RhD antigen of fetus. The significant
impedance biosensor response concentration to detect RhD antigen-antibody
binding was 1 ng/mL RhD. The fetus RhD status was approved with real-time PCR
fetal RHD genotyping. The detection of the RhD status of the fetus with antigen-
antibody biosensor system has more advantage as being fast compared to the
noninvasive fetal RHD genotyping using fetal DNA. Up to now, common sero-
logical-based techniques were used for the detection fetal RhD status on delivery.
There is a requirement for fast, sensitive, and low-cost techniques on clinical and
molecular diagnostic. Using NIPD for the fetal blood group, detection studies were
accelerated after the discovery of fetal DNA in maternal plasma. The noninvasive
technique of fetal RhD status of cffDNA with qPCR has been recently introduced
and now is a strong alternative for traditional tests in early pregnancy. The early
detection of RhD status with NIPD is advantageous and also avoids the mother from
anti-RhD prophylaxis [5, 27]. For the detection of fetal RHD from maternal plasma,
the fetal DNA extraction is a better way. In the last decade, there were significant
improvements in the accurate management of pregnancies in RhD-negative preg-
nant women (not immunized and/or alloimmunized) by noninvasive fetal RHD
genotyping [12, 28].

The fetal nucleated red blood cells (RBCs) are well known in maternal blood
[29]. Bianchi et al. disclosed that in the first three-month period of the gestation,
the fetus blood contains plenty of RBCs [30]. The RBC membrane has the RhD
antigen, and when the fetus genotype is RhD positive, the alloimmunization arise
when the fetal RBCs enter maternal blood. The cause is the anti-D antibodies
developed by RhD-negative mother. The fetal RhD antigens can be detected on
the 30-40th day of pregnancy. During the measurement with biosensor, the fetal
RhD antigens cause signals (the signals increased in proportion to the gestational
week). This chemical signals mean that the fetal RhD antigens on fetal RBCs
bind on the surface of the biosensor that is coated with RhD antibodies (antigen-
antibody complex). In RhD-positive fetuses, this chemical signal is converted into
an electrical signal by a transducer. In our RhD-negative samples (five of the fetus
were RhD negative), there was no signal change detected on the biosensor. The
biosensor detects the fetal RhD-positive antigens in the blood of RhD-negative
mothers. This study demonstrates an original, quick, reliable, and easy detection
method with biosensor technologies. The design of an immunospecific biosensor
offers a candidate noninvasive prenatal detection for fetal RhD status to manage
the RhD incompatibility between the fetus and mother. This method is able to
capture fetal RhD antigens in maternal blood in the early stage of pregnancy (8th
week of pregnancy). The biosensor-based detection of fetal RhD status takes
several minutes using a gold electrode covered by RhD antibody. The determined
biosensor method is more suitable, simple to construct, sensitive, and specific and
does not require any expensive apparatus compared with the routine fetal RhD
determination in early pregnancy. The biosensor instrument exhibits low cost with
regard to real-time PCR devices. The biosensors can be used several times (up to
400-fold) and so decreases the cost. The most commonly used technique for NIPD
is the qRT-PCR. Studies that based on biosensor technologies for NIPD applica-
tion with cffDNA for monogenic diseases reported previously [31]. Some studies
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demonstrated PCR-free applications by SPR-imaging [32]. We prepared a study
which detects fetal RHD genotypes from cffDNA using SPR-based biosensor.

In conclusion, the biosensor-based technologies which have used less amount
of sample and low cost and determine the RhD status of the fetus in a very short
time make the biosensors more advantageous than NIPD of RhD based on real-time
quantitative PCR technologies.
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Chapter 5

ABO Blood Group Antigens as a
Model of Studying Protein-Protein
Interactions
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Abstract

This work presents a research of intermolecular interactions on the example of
the antigen antibody interactions of the ABO system. This model could be suc-
cessfully used in the future due to the lack of knowledge in the area of the ABO
antigen’s behavior as a biomolecule and the integration of these structures into
chain of metabolic processes in a human being. Using computer PASS system (“in
silico” research), we describe the possible biological effects of pyruvate, lactate, and
antigen determinants A and B. Glycoproteins A and B are very perspective to study
as biological active connectors due to the wide range of their biological effects. The
obtained knowledge proves that ABO antigen, as well as other glycoprotein conju-
gates, could play an important role in intercellular adhesion and signal transmis-
sion, which could be used in perspective in personalized medicine, target therapy,
and evaluation of lab results in clinical practice.

Keywords: ABO blood groups, protein-protein interaction, computer modeling,
biological activity

1. Introduction

Erythrocytes are the most common blood cells in the human body. They present
on their surface a huge number of different receptors and antigens, which explain
their multiple biological functions. Since 1900, when Carl Landsteiner first found
red blood cell antigens and named them ABO blood group system, a big step
forward was made by scientists in this direction. Up to now, over 35 blood groups
are registered in the International Society of Blood Transfusion. Some of them as
ABO blood groups, MNS, Rh, Lutheran, Kell, Lewis, and Duffy are well studied and
found their place in clinical practice, but others as Ok, Scianna, Colton, and Knops
are on their way to be fully understood. The genes of the blood groups are mainly
autosomal with the exception of XG, XK, and MIC2 genes as they are presented on
X and Y chromosomes.

The biochemical structure of blood group antigens differs a lot; they can either
be proteins (Rh, Kell) or glycoproteins and glycolipids (ABO) [1].

ABO blood group system consists of three alleles, dominant A and B, and reces-
sive O, and it is controlled by a gene located on chromosome 9 (9q34.2).
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These genes (A and B) code different glycosyltransferases: glycosyltransferase A
which adds N-acetylgalactosamine and glycosyltransferase B which adds p-galac-
tose to H-substance. O allele is inactive and does not encode an enzyme, so that H
substance remains unmodified with a fucose moiety. Combinations of these three
alleles give us four different blood groups O (I), A (II), B (III), and AB (IV) [2].

It is notable that ABO antigens are expressed not only on the surface of erythro-
cyte, but they can also be found in a variety of tissues and cells, such as the endothe-
lium of blood vessels, neurons, epithelium, platelets, etc.

In recent years, the amount of research on protein-small molecule (metabolite)
interactions has increased significantly. However, the study of these interactions,
according to the 2011 Wiley Online Library, is lagging far behind other types of
interactions, such as protein-protein, protein-DNA, and protein-RNA, in terms of
publications. Only in 2009 the first publications about protein-metabolite interac-
tions appeared.

From a biochemical point of view, most biological systems work by fulfilling
their diverse functions by proteins. Due to the revolutionary progress in the study of
genomics and proteomics, a more accurate idea of the amount of proteins synthe-
sized in the body has now been formed, but there is a weak idea of which proteins
nonspecifically interact with metabolites [3].

It has been established that intermolecular interactions play a crucial role
in almost all major biological processes, such as cell regulation, biosynthesis
and biodegradation, signal transmission, transcription and translation pro-
cesses, the formation of oligomers and multimolecular complexes, packaging
of viruses, and the immune response, are protein-ligand interactions [4]. The
polyfunctionality of proteins is due to their ability to change the conformation
of a molecule when interacting with ligands. Proteins can interact with almost
all types of molecules: from small compounds—water, metal ions, carbohy-
drates, fatty acids, and cell membrane phospholipids—to high molecular weight
proteins and nucleic acids. Disruption of protein interactions underlies some
diseases [5].

This fact provides a key argument that biological and clinical significance of
blood groups in general and ABO especially extends far beyond our expectations
and needs to be clarified.

2. Computer modeling of antigen determinants A and B
2.1 Antigen A and its predicted biological activity

It is almost impossible to evaluate the specific properties of the terminal frag-
ments of antigenic structures in an experiment, but with the method of computer
simulation, one can predict the biological effects of substances.

Glycosylation of protein molecules significantly affects their ability to contact
with other molecules, which is important for understanding the mechanisms of
intermolecular interactions, signaling, and adhesion at the cellular and molecular
levels. The group-specific antigens of the blood ABO system are formed by the gly-
cosylation of transmembrane proteins presented on the surface of red blood cells.

A-Antigen terminal monosaccharide N-acetylgalactosamine contains in the posi-
tion C2 NHCOCH3 group, and B-antigen terminal monosaccharide p-galactose,
in position C2, contains OH group. Functional groups confer variability in the
structure of antigens and provide specificity for binding ligands. The presence in
the structure of the N-acetylgalactosamine acetyl group leads to the disappearance
of the positive charge.
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N-Acetylgalactosamine is an amino sugar found in almost all glycoproteins. The
immediate precursor of N-acetylgalactosamine is fructose-6-phosphate. Amino
sugar is further acetylated with acetyl-CoA.

Monosaccharides can take part in all reactions which are typical for hydroxyl-
containing compounds: they form esters and ethers, acetals and ketals, undergo sub-
stitution and elimination reactions. An important property of monosaccharides is
their ability to form glycosides due to hydroxyl at the first carbon atom. Elucidation
of the potential biological activity of antigens, determined by the structural charac-
teristic of the antigenic determinants of the ABO system, is an important task.

We used a program for computer modeling called PASS. Prediction of Activity
Spectra for Substances (PASS) is a program designed for computer modeling
created by a group of Russian scientists. This tool is based on the dependence
between chemical formula of a random substance and its functional activity.
Chemical formula is described using Multilevel Neighborhoods of Atom (MNA)
descriptors, the combination of which is unique for each substance. The user
gets the list of probable activities based on the program’s self-educating “training
set,” which aggregates data on active compounds from databases, publications,
and patents, marked with Pa (probability to be active) and Pi (probability to be
inactive), placed in the order from the maximum Pa to the minimum one. The
program uses the Bayesian approach with some modifications for calculating the
Pa and Pi (for more detailed information, see [6, 7]). In our study we chose effects
with Pa >0.5. Total number of biological activities in the database is 4130, 501 of
them are pharmacological effects, 3295 are molecular mechanisms of action, 57
are toxic effects, 199 are mediated metabolic actions, and 29 are influences on
gene expression.

We have identified a significant number of previously unknown properties and
mechanisms of action for the antigenic determinant antigen A, namely, 99 out of
501 possible pharmacological effects, 304 out of 3295 possible molecular mecha-
nisms of action, 17 out of 57 adverse and toxic effects, 12 of 199 metabolic-related
activities, 2 of 29 effects regulating the expression of genes, and 5 of 49 effects
associated with the transport of substances. We chose biological activities with a
probability of Pa greater than 0.5. The PASS program allowed us to establish that
the antigenic determinant of antigen A exhibits the following pharmacological
effects (Table1).

It is predicted that the antigenic determinant of antigen A exhibits antibacterial,
immunostimulating, antifungal, antiviral, and pharmacological effects, as well as
antibiotic properties.

Pharmacological effect Pa Pi Pa — Pi
Membrane permeability agonist 0.840 0.006 0.834
Antibacterial 0.707 0.005 0.702
Immunostimulating 0.697 0.07 0.690
Antineoplastic 0.654 0.016 0.638
Antifungal 0.632 0.013 0.619
Antiviral 0.620 0.011 0.609
Angiogenesis stimulator 0.577 0.012 0.565
Vasoprotector 0.552 0.045 0.507
Table 1.

Predicted pharmacological effects of antigen A.
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ABO phenotypic analysis of blood groups is often used to detect the degree of
susceptibility of a person to infectious diseases. In the literature, there are data in
which it is noted that the interaction of certain parasites and bacteria with human
cells depends on the presence of certain blood groups [8].

Thus, antigen A exhibits high adhesive activity against lactic acid bacteria. Some
of the antigens affect the humoral and cellular response [9].

For the oligosaccharide of the antigen A, the antineoplastic effect on the cancer of
various etiologies and localization is predicted: gastric and lung cancer, sarcoma, leuke-
mia, and cancer of the brain and ovaries. Numerous studies have shown an association
between ABO blood groups and the risk of developing various types of cancer [10].

With a high degree of probability, the antigen A is able to regulate angiogen-
esis and has a potential vasoprotective effect, as well as an effect of inhibitor of
membrane permeability and integrity. The formation of new blood vessels in the
organ or tissue is activated only when the damaged tissues are regenerated. Some
factors, depending on the dose, can be both inducers of angiogenesis and inhibitors
[11]. Many predicted effects of the antigenic determinant of antigen A are realized
through the molecular mechanisms of its action (Table 2).

It is predicted that the oligosaccharide of the antigen A can act as an agonist of
nerve growth factor, tumor necrosis factor, hyaluronic acid, a-interferon, interleu-
kin-2, and tissue kallikrein inhibitor. The stimulating effect of the oligosaccharide
antigen A on the activity of caspases 3, 8, and 9, participants in the apoptosis
process, is predicted. As it is known, all caspases are synthesized in an inactive form
and are activated when necessary by initiating caspases in the process of partial
proteolysis. Probably, the antigenic determinant A, by activating caspases, can
trigger a signal chain of programmed cell death.

Analyzing molecular mechanisms of action of antigenic determinants A,
we paid attention to the inhibitory effect, to a number of carbohydrate metabo-
lism enzymes, complex lipid metabolism, and protein biosynthesis process.

Molecular mechanism of action Pa Pi Pa — Pi
Inhibitor of CDP-glycerol phosphotransferase 0.837 0.006 0.931
A-glucosidase inhibitor 0.826 0.001 0.825
Analogue of insulin 0.755 0.003 0.552
Antagonist of membrane integrity 0.731 0.009 0.713
Lactase inhibitor 0.718 0.007 0.711
Nerve growth factor agonist 0.715 0.007 0.708
Inhibitor ceramide glycosyltransferase 0.713 0.010 0.703
Aspartyl transferase inhibitor 0.708 0.007 0.701
Hyaluronic acid agonist 0.701 0.002 0.699
B-glucuronidase inhibitor 0.661 0.005 0.656
Caspase stimulator 0.646 0.005 0.641
N-acetylglucosamine transferase inhibitor 0.636 0.003 0.633
Glycerol monooxidase inhibitor 0.628 0.025 0.603
A-interferon agonist 0.595 0.019 0.576
TNF agonist 0.550 0.019 0.531
IL-2 agonist 0.517 0.011 0.503
Table 2.

Predicted molecular mechanisms of action of antigen A.
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Oligosaccharide antigen A may inhibit the activity of enzymes involved in the
metabolism of simple carbohydrates, such as a-glucosidase, p-glucuronidase, and
p-galactosidase, and in the exchange of complex carbohydrates, predominantly
heteropolysaccharides—a-N-acetyl-glucosaminidase, dolichol glycosyltransferase,
and GDP-mannose-6-dehydrogenase, which creates the possibility of inhibiting the
metabolism of the components of the extracellular matrix of connective tissue—
glycoproteins and proteoglycans. Dolichol glycosyltransferase plays a leading role in
the glycosylation of membrane proteins.

It is predicted that the oligosaccharide of the antigen A can be an agonist of hyal-
uronic acid. Hyaluronic acid belongs to the innate immunity system and is involved
in tissue regeneration, as evidenced by the likely manifestation of the pharmaco-
logical effects of tetrasaccharide A, as immunostimulating and vasoprotective.

Also, we predicted possible toxic effects (Table 3).

The effect of carbohydrate determinants of antigen A on the metabolism of
complex lipids is predicted, and the molecular mechanism of action is inhibi-
tion of the activity of CDP-glycerol glycerophosphotransferase, ceramide
glycosyltransferases, ganglioside galactosyltransferases, and galactosylglucosyl-
ceramidase, involved in the synthesis of phospho- and glycolipids, necessary for
the construction of cell membrane structures. Glycolipids play an important role
in making cell-to-cell contacts; some serve as a kind of receptor for a number of
bacterial toxins.

The possibility of an inhibitory effect on a gene expressing telomerase was
predicted. About 85% of cancer cells acquire unlimited replicative potential due to
the reactivation of a specific telomerase enzyme [12].

After analyzing the data obtained by computer prediction, we can conclude that
the immunochemical specificity of the antigenic determinant of antigen A is real-
ized by the characteristic and diverse biological activity and toxicity.

2.2 Antigen B and its biological activity

The antigenic determinant of antigen B contains terminal b-galactose, at posi-
tion C2 where it has a hydroxyl group.

D-Galactose itself can enter into the reactions of alkylation, acylation, reduc-
tion, and oxidation. Analysis of the data of the probable biological activities of
the antigenic determinant of antigen B showed 106 out of 501 possible pharma-
cological effects, 311 of the 3295 probable molecular mechanisms of action, 16
of 57 adverse and toxic effects, 15 of 199 metabolically mediated actions, 3 of 29
effects regulating gene expression, and 6 of 49 effects associated with transport of
substances. We chose biological activities with a probability of Pa greater than 0.5.
The pharmacological effects of the antigenic determinant of antigen B are shown
in Table 4.

Toxic effects Pa Pi Pa — Pi
Hypokalemia 0.744 0.033 0.711
Nephrotoxicity 0.734 0.018 0.716
General toxicity 0.691 0.038 0.653
Bronchoconstrictor 0.647 0.035 0.612
Cardiotoxicity 0.644 0.031 0.613
Hepatotoxicity 0.611 0.051 0.560
Embryotoxic 0.504 0.012 0.492
Table 3.

Possible toxic effects of antigen A.
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Pharmacological mechanism Pa Pi Pa — Pi
Agonist of membrane permeability 0.863 0.005 0.858
Antibacterial 0.688 0.05 0.683
Immunostimulatory 0.668 0.008 0.660
Antineoplastic 0.630 0.021 0.609
Antifungal 0.622 0.014 0.608
Vasoprotector 0.599 0.042 0.557
Angiogenesis activator 0.591 0.010 0.581
Antiviral 0.583 0.014 0.569
Antibiotic 0.524 0.005 0.519
Table 4.

Predicted pharmacological effects of antigen B.

Many effects and mechanisms of action are common for both antigen A and
antigen B, but they are characterized by different degrees of probability of mani-
festation (Pa value). It is predicted that the antigen B is able to exhibit antibacterial,
antiviral, antifungal, and pharmacological effects. According to the literature,
group-specific antigens A and B can play a direct role in the susceptibility of the
infection, acting as receptors or co-receptors for microorganisms, parasites, and
viruses (Table 5).

In the study, Kato shows that carbohydrates can act not only as receptors for
various microbes but also function as a barrier to infection [13].

Numerous molecular mechanisms of the action of antigen B tetrasaccharide
have been predicted, in particular the inhibitory effect on the activity of a num-
ber of enzymes involved in the metabolism and stimulating effects on various
bioregulators.

Molecular mechanism of action Pa Pi Pa — Pi
Inhibitor of CDP-glycerol phosphotransferase 0.806 0.008 0.798
A-glucosidase inhibitor 0.799 0.001 0.798
Antagonist of membrane integrity 0.764 0.010 0.754
Agonist of hyaluronic acid 0.720 0.001 0.719
Nerve growth factor agonist 0.701 0.009 0.709
Insulin agonist 0.699 0.004 0.695
Antagonist of interferon 0.603 0.017 0.586
Inhibitor of glycerol oxidase 0.638 0.023 0.615
Caspase 8 activator 0.625 0.007 0.618
TNF regulator 0.570 0.014 0.556
B-galactosidase inhibitor 0.558 0.003 0.555
IL-2 agonist 0.526 0.018 0.508
Caspase 3 activator 0.514 0.014 0.500
Glycosyltransferase inhibitor 0.512 0.004 0.508
Inhibitor of protein synthesis 0.509 0.007 0.502
Table 5.

Predicted molecular mechanisms of action of antigen B.
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The stimulating effect of oligosaccharide B on the activity of caspases 3 and
8 is predicted,; it can act as an agonist of hyaluronic acid, nerve growth factor,
interleukin-2, and interferon antagonist. It has been established that galactooligo-
saccharides selectively increase the content of useful intestinal microbes, as well as
C-reactive protein and interleukins [14].

The probable effect of oligosaccharide B on the expression of the telomerase
gene (Pa 0.785) and the transport of electrons in mitochondria (Ra 0.504) is shown.
Oligosaccharide B is highly likely to be a substrate for cytochrome P-450 2J2 (Pa
0.980), glutathione-S-transferase (0.907), and cyclooxygenase (Pa 0.759).

Using PASS we also identified possible toxic effects (Table 6).

The PASS program revealed that the antigenic determinant of antigen B can
exhibit a variety of biological effects and molecular mechanisms of action that
regulate various physiological and metabolic processes in the body.

The role of carbohydrates as key biological ligands is well known. This is due to
the high degree of isomerism, possible within individual carbohydrate units, in a
variety of ways to combine monosaccharides, among themselves, different varia-
tions of substituents (acetyl, sulfate) and flexibility of carbohydrate chains.

With the development of computational methods for studying protein-ligand
interactions, it became possible to determine the type of bonds and the most important
positions of atoms “C” in monosaccharides for the formation of an antigen-antibody
complex. Using the molecular docking method, Stanca-Kaposta with a group of scien-
tists found that hydrogen bonds and hydrophobic and van der Waals interactions are
involved in the formation of an antigen-antibody association [15]. Monosaccharides
of antigens can act as acceptors of hydrogen, and amino acid residues of paratope
antibodies can serve as hydrogen donors. Most commonly, hydrogen bonds form atoms
“C” at positions 3 and 5 in terminal galactose (antigen B) and atoms “C” at position 5 in
N-acetylgalactosamine (antigen A). Accessibility of the nitrogen atom in the GalNAc
epitope to participate in the formation hydrogen bonds are hampered by the presence
of an acetyl group. The “C” atoms in position 6 are involved in hydrophobic and van
der Waals interactions, both in galactose and in N-acetylgalactosamine [16].

In studies by J. Milland, it was found that in the N-acetylated version of the epit-
ope of antigen A, the interaction of the acetyl group of the epitope with the tyrosine
35 of the immunoglobulin heavy chain precludes further penetration of the antigen
into the antibody’s binding site. In contrast, the Gal epitope of antigen B penetrates
deeper into the antibody’s binding site, and the second galactose antigenic determi-
nant participates in hydrophobic interactions with tryptophan at position 36 of the
immunoglobulin heavy chain [17]. ABO antigens, like other glycoconjugates, are
important intercellular adhesion mediators and participants in signal transduction.
Due to the diversity of biological effects manifested, oligosaccharides A and B are
evaluated from a new perspective side as biologically active compounds and not
only blood group antigens that protect blood cells [18].

Toxic effects Pa Pi Pa — Pi
Hypokalemia 0.763 0.030 0.733
Nephrotoxicity 0.709 0.022 0.687
Bronchoconstrictor 0.703 0.026 0.677
Cardiotoxicity 0.687 0.023 0.664
General toxicity 0.667 0.043 0.624
Hepatotoxicity 0.590 0.057 0.533
Table 6.

Possible toxic effects of antigen B.
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Computer modeling exists as a way of combining the microscopic world of
molecules and experimental results, which helps to confirm our understanding
of metabolic processes and propose new directions for research. For many of the
predicted types of activity of compounds in the available literature, experimental
evidence has not been found, since these organic compounds are difficult for
conformational analysis. Computational methodology makes it possible to obtain
structures of compounds at the atomic level and information about activity with
an accuracy equivalent to or greater than can be obtained in an experiment. The
prognostic and interpretative program PASS has helped to better present the
mechanisms of action of the studied metabolites and carbohydrate determinants of
antigens A and B in relation to the main body systems.

3. ABO system as a marker of metabolic state

We selected 3678 healthy people with no chronic somatic and dental diseases, as
well as latent socially significant viral infections (hepatitis B and C, HIV). Then, we
performed a complex biochemical testing of blood with 40 parameters, complete
blood count with 21 parameters, and hemostasiograms with 8 parameters. Studies
of concentration of total protein; albumin; immunoglobulins A, G, and M; urea;
creatinine; uric acid; total and direct bilirubin; C-reactive protein; alanine amino-
transferase; aspartate aminotransferase; gamma-glutamyltranspeptidase; creatine
kinase and creatine kinase-MB fraction; total cholesterol content; triglycerides;
high-density lipoprotein and low-density lipoprotein; lipase activity; the coefficient
of atherogenicity; glucose concentration; lactate dehydrogenase; alpha-amylase;
alkaline phosphatase activity; and magnesium, calcium, phosphorus, and iron levels
were carried out on an automatic biochemical analyzer “Hitachi-902” and “Integra
800” (“Roche,” Japan) with the help of a commercial reagent kit from the company
“Roche” (Germany). Intra-laboratory quality control when performing studies was
carried out using control serum Precinorm and Precipath (Roche, Germany).

Complete blood count was performed using an automated hematology analyzer
Sysmex KX-21 (Roche, Japan) using a commercial set of reagents produced by
Roche (Germany). We measured distribution curves for the size of erythrocytes,
leukocytes, and platelets, as well as analytical results for 18 parameters: the number
of erythrocytes, leukocytes, and platelets; the content of hemoglobin and hema-
tocrit; the average volume of erythrocytes and platelets; the average content and
average concentration of hemoglobin in the erythrocyte; the width of the distribu-
tion of erythrocytes and platelets by volume; the relative and absolute content of
neutrophils, medium cells, and lymphocytes; and the ratio of large platelets. The
morphological study of blood cells was performed using a Zeiss light microscope
using a unified method. The erythrocyte sedimentation rate was determined using
a Panchenkov unified micromethod. The functionality of platelets was assessed by
the method of visual detection of the start time of aggregation with different induc-
tors (ADP, with a universal aggregation inducer (UIF), collagen).

Statistical processing of the results was carried out using the statistical pack-
age SPSS 12.0 and Microsoft Excel 2007. The statistical characteristics were used:
arithmetic average (M), standard arithmetic average error (m), median (Me), max,
min, and 95% interval. Indicators of skewness and steepness reflect the asymmetry
of distribution; normality tests were evaluated using the Kolmogorov-Smirnov
test with the Lilyfors and Shapiro-Wilkie corrections. We used the nonparametric
Mann-Whitney U test with the amendment of Bonferroni as an alternative to the
Student’s t-test. Taking into account the deviation from normality of various values
of dispersions, a nonparametric analogue of dispersive analysis was used—the
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Kruskal-Wallis analysis. To study the correlation of blood parameters, Spearman’s
correlation analysis was used.
The data we obtained supplemented information about the connection of
certain diseases with blood groups (Table 7).
On the basis of the study of the metabolism in the O (I)—AB (IV) blood groups,
we determined the trends characterizing their biological variability and identified
the parameters associated with a specific blood group (Table 8).

According to the specifics of these indicators, we attributed the owners of

AV (IV) blood groups to the protein type, since they have the highest protein
availability and they are less likely to get ill. It is known that A (II) carriers of the
second blood group suffer from a wide range of diseases, including infectious
diseases. They have an immunological memory of old and fresh contacts with
bacterial and viral agents. The level of lipids can be conditionally attributed to
the lipid type. In the presence of the first blood group, a high level of specific and
nonspecific protection factors is characteristic. For them, a preferential connec-
tion with somatic pathology has been identified. Owners of the third blood group
are characterized by sufficient good health. They have the highest level of albu-
min, cholesterol [19].
The identified features of the metabolic profile in individuals with different
blood groups are the rationale for the individualization of standards for each
person. In the future, every citizen should have his own health passport.

In accordance with the results obtained, in persons with O (I) blood group, a
lower number of erythrocytes are noted with a relatively small volume of cells.

Blood group

Possibility of pathological process development

Authors

(0X¢))

Peptic ulcer disease

Stomach cancer

Hip joint dysplasia

Myasthenia

Mutation (F7)

Women papillomavirus infection

Acute inflammatory processes in women
reproductive system

Sympathetic ophthalmia

Laryngeal cancer

HCV

Risk factor for ovarian reserve
Hemophilic patients with anemia

Rare bleeding disorders

Rare intraductal papillary mucinous neoplasm
Rare case of malaria

Rare hepatocellular carcinoma

Rare postpartum blood loss

U. Altuhov (1983); G. Drannik,
G. Dizik (1990)

A. Tananyan (2001);

S. Garmonov et al. (2006)
Wang Qing-yun (2007);
Bogdanov N.N. (2015)

B. Bjorkholmet al (2001)
M. Aspholm-Hurtig et al. (2006)
1. Taboridze (1991)

B. Gehte (1996)

T. Subbotina (2012)

E. Shevchenko (2010)

L. Arkhipova (2012)
T.Jin et al. (2016)

X. Lietal.(2016)

J. Deng (2016)

U. Kosyakova

F. Gilmiarova

L. Spieza (2018)

K. Poruk (2018)

A. Degarege (2018)

F. Liu (2018)

M. Kahr (2018)

Chronic prostatitis with benign prostatic
hyperplasia

Bladder cancer

Urolithiasis

The increased spontaneous platelet aggregation
CHD

Shatohin M., Konoplya A.,
Dolgareva C. A., (2011)
Mayskov ., (2013)
Gusein-zade, R., (2013)
Gergesova E., (2011)

Biswas S., Ghoshal PK., Halder
B., Mandal N. (2013)
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Blood group Possibility of pathological process development Authors

A (ID) Coronary artery disease Z.Chen et al. (2016)
Rheumatic diseases E. Suslova (2012)
CHD E. Meshalkin (1981)
Bronchial asthma M. Freidin et al. (2006)
Allergies M. Rafalovich et al. (1982)
Cholecystitis, cholelithiasis E. Chichenko, U. Koshel (1975)
Diabetes mellitus B. Geht et al.(1995)
Meningococcal infection G. Dizik et al.(1986)
Secondary purulent meningitis A. Veselov, N. Malushkina
Leiden mutation (F5) (1988)
Prothrombin mutation (F2) U. Rudometov et al. (1981)
Platelet receptors mutation (Gpla, GpllIla) 1. Danilov (2010)
Thromboembolism R. Vitkovskiy
HIV E. Gergesova (2011)
The combined prevalence of HIV and hepatitis C G. Liumbruno (2013)
Hepatitis B S. Vasan (2016)
Preeclampsia and fetal hypotrophy F. Gilmiyarova, V.Radomskaya
Iron deficiency anemia etal. (2007)
Onychomycosis Shatohin M., Konoplya A. (2011)
Chronic generalized periodontitis Shatohin M., Konoplya A. (2011)
Helicobacter pylori antibodies in oral fluid Yanchenko M. (2011)
Chronic prostatitis Bektasova M., Kapcov V. (2014)
The combination of chronic prostatitis with benign Suslova E., Vasilyeva L. (2012)
prostatic hyperplasia Gavrilyuk V. (2011)
Breast cancer Doyle B., Quigley J. et al. (2014)
Tuberculosis Rizzato C., CampaDD. et al.
Atherosclerosis with complications (2013)
Appendicular peritonitis in children Sadreddini M., Rasmi Y. et al.
Hemolytic disease of the newborn with A-blood (2011)
group mothers B. Mroczek et al. (2018)
Pancreatic cancer D. Stakisaitis (2018)
Gastroesophageal reflux disease A. Erden
Asthma
Bladder cancer
Mediterranean fever

B (III) Pneumonia Averbah M. (1985)
Postoperative infection Dizik G. (1990)
Osteochondrosis with radicular syndrome Subbotina T.(2012)
Sciatica Shevchenko E. (2010)
MGTEFR mutation K. Jamamuru (2012)
Chronic inflammatory processes in women Shatohin M., Konoplya A. (2011)
reproductive system Suslova E., Vasilyeva L. (2013)
Damage of the coronary artery associated with Subbotina T., Petuhova A.
Kawasaki disease (2012)
Chronic prostatitis Stolbova E., Bane B. (2009)
The combination of chronic obstructive bronchitis Mortazavi H., Lotfi G. (2015)
with coronary heart disease Ramamoorthy B., Varghese S.S.
Thrombosis (2015)
Brain neoplasms T. T. Lao et al. (2014)
Gingivitis
Periodontal disease
HBV

AB (IV) Acute respiratory viral infection L. Grebenshikov (2001),
Sore throat S. Garmonov et al. (2006)
Chronic tonsillitis Sheng Liming (2013)
Sinusitis
Nasopharynx cancer

Table 7.

Possibility of pathological process development in ABO blood groups.
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ABO blood group
Characteristic o () A (I1) B (IIT) AB(IV)
Protein N N - 4
Albumin — _ Tt ot
al it N - N
o2 e N _ —
B-Globulin e N —_ —
v-Globulin . _ —
IgA . —_— —_ N
IgG N et —_— N
IgM N . _ N
Thymol turbidity test N e - _—
CRP . N S __
Urea +44 N N _—
Uric acid —_— n N o
Creatinine N N N N
Bilirubin + - + ———
ALT N N ++ +
AST —_— - et N
GGT e —_— N -
Cholesterol + —_ e _—
TAG et e - _—
HDL — — N N
LDL — - — -
Lipase - - 4+ .
Glucose _ — i+ —
Lactate dehydrogenase . N e ——
Amylase et N — +
Table 8.

Metabolic characteristic of ABO blood groups (N stands for average results for general population; “+” and

« »

—the degree of deviation compared to general population).

The level of hemoglobin in the blood is the lowest, while the saturation of each
erythrocyte with hemoglobin is maximum, which ensures full blood transport of
gases. A (II) of the second blood group is characterized by the lowest hematocrit
value, the average hemoglobin content in one erythrocyte, the average platelet
volume, and the maximum indicator of the number of leukocytes, neutrophils, and
lymphocytes. Carriers of B (III) blood group showed the largest volume of platelets
and the maximum of the average concentration of hemoglobin in one erythrocyte.
In persons with AB (IV) blood group, the highest absolute and relative content

of lymphocytes, which are the basis of cellular and humoral immunity, is noted.
Tendency to lymphocytosis, a higher level of the spectrum of immunoglobulins

is an indicator of the intensity of specific resistance and sufficient compensatory
reserve in patients with AB (IV) blood group (Figure1).
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~
+-High level of a1,02, B-globulin, urea, CRP;
~The lowes level of the wic ackd, glucosa, HOL, LOL;
The lowest level activity of AST;
= Low number of red blocd cells;
o) « Low level of hemoglobin in the blood
Somatic diseases ),

+- Reduced level of albumin, y-globulin, gA;
= Increaged level
Ig M, Ig G;
-Low cholesterol, HOL,
~The lowesl value of hematocril, average conlent of hemoglobin in
one erythrocyte, the average volume aof platelets;
The maximum number of leukocytes, neutrophils, lymphocytes

*The highest rates of albumin and albumin fractions, glucose,
cholestarol;
-The highest level of acthity of AST, LDH;
-The minimum value of SRB. Ig A, Ig M, Ig G;
=The: rinimum value of LOL cholesteral, trighycerides;
-The largest volume of platalets, the average concentration of
hemoglobin in one red blood cell

«The highest protein content, uric acid;
The lowest value of urea, direct bilirubin, trighycerides;
- The highest absolule and relative coment of lymphocytes

Figure 1.
Biological diversity associated with ABO blood groups.

4, Conclusions

The results obtained in silico by computer prediction with PASS program show
that antigens A and B influence on intermolecular processes, protein-protein
interaction, maintain balance by regulating protein, carbohydrate, lipid metabo-
lism, antioxidant processes, and tissue respiration quite differently which can be
explained with their structure and conformational features.

The series of experiments clearly showed biodiversity in metabolic state of dif-
ferent ABO groups which allow us to create metabolic passport for each blood group
summarizing the key data [19].

We found out that the carriers of O (I) blood group suffer from somatic diseases
more recently than the other blood group carriers, while the carriers of A blood
group are predisposed for infectious diseases, and the carriers B (III) and AB (IV)
blood groups are more likely to show metabolic stability.

To summarize, methods of molecular modeling and forecasting allow us to
broaden the fundamental knowledge about the molecules’ properties and to
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successfully predict new possible biological effects, as well as molecular mecha-
nisms for its realization in complex interactions of ligands and their targets.
Acknowledgements

The authors appreciate the help and support of the head of Samara State Medical

University, professor G.P. Kotelnikov. Our work is dedicated to the 100th anniver-
sary of Samara State Medical University.

Conflict of interest

The authors state that they have no conflicts of interest.

Thanks

The authors thank the chair of Fundamental and Clinical Biochemistry with
laboratory diagnostic of Samara State Medical University.

Author details

Frida N. Gylmiyarova', Elena Ryskina®, Nataliya Kolotyeva', Valeriia Kuzmicheva'
and Oksana Gusyakova'

1 Samara State Medical University, Samara, Russia
2 Peoples’ Friendship University of Russia, Moscow, Russia

*Address all correspondence to: bio-sam@yandex.ru

IntechOpen

© 2018 The Author (s). Licensee IntechOpen. 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.

75


http://creativecommons.org/licenses
mailto:bio-sam@yandex.ru
http://dx.doi.org/10.5772/intechopen.82541

Blood Groups

References

[1] Franchini M, Bonfanti

C. Evolutionary aspects of ABO blood
group in humans. Clinica Chimica Acta.
2015;444:66-71

[2] Franchini M, Liumbruno G. ABO
blood group: Old dogma, new
perspectives. Clinical Chemistry
and Laboratory Medicine.
2013;51(8):1545-1553

(3] Gylmiyarova F, Ryskina E, Kolotieva
N, Potekhina V, Gorbacheva I. Protein-
ligand interactions: The influence of
minor components of metabolism.
Siberian Medical Review. 2017;(6):12-21

[4] Kastritis P, Bonvin A. On the binding
affinity of macromolecular interactions:
Daring to ask why proteins interact.
Journal of the Royal Society Interface.
2012;10(79):20120835

[5] Muronetz V, Barinova K, Stroylova,
Semenyuk P, Schmalhausen E.
Glyceraldehyde-3-phosphate
dehydrogenase: Aggregation
mechanisms and impact on amyloid
neurodegenerative diseases.
International Journal of Biological
Macromolecules. 2017;100:55-66

[6] Stepanchikova AV, Lagunin AA,
Filimonov DA, Poroikov VV. Prediction
of biological activity spectra for
substances: Evaluation on the diverse
set of drugs-like structures. Current
Medicinal Chemistry. 2003;10:225-233

[7] Poroikov VV, Akimov D,
Shabelnikova E, Filimonov D.

Top 200 medicines: Can new actions
be discovered through computer-
aided prediction? SAR and QSAR

in Environmental Research.
2001;12(4):327-344

[8] Rios M, Bianca C. The role of
blood group antigens in infectious
diseases. Seminars in Hematology.
2000;37(2):177-185

76

[9] Daniels G, Fletcher A, Garratty G,
Henry S, Jorgensen J, Judd W, et al.
Blood group terminology 2004: From
the International Society of Blood
Transfusion committee terminology for
red cell surface antigens. Vox Sanguinis.
2004;87(4):304-316

[10] Risch H, Lu L, Wang ], Zhang W,
Ni Q, Gao, et al. ABO blood group
and risk of pancreatic cancer: A
study in Shanghai and meta-analysis.
American Journal of Epidemiology.
2013;177(12):1326-1337

[11] Malecki M, Kolsut P, Proczka R.
Angiogenic and antiangiogenic
gene therapy. Gene Therapy.
2005;12(51):5159-5169

[12] Bell R, Rube H, Kreig A, Mancini A,
Fouse S, Nagarajan R, et al. Abstract
B12: GABP selectively binds

and activates the mutant TERT
promoter across multiple cancer

types. Cancer Research. 2015;75(23
Supplement):B12-B12

[13] Kato K, Ishiwa A. The role of
carbohydrates in infection strategies of
enteric pathogens. Tropical Medicine
and Health. 2015;43(1):41-52

[14] Gao ], He H, Jiang W, Chang X, Zhu
L, LuoF, et al. Salidroside ameliorates
cognitive impairment in a D-galactose-
induced rat model of Alzheimer’s
disease. Behavioural Brain Research.
2015;293:27-33

[15] Cristina Stanca-Kaposta E,
Gamblin D, Screen J, Liu B, Snoek

L, Davis B, et al. Carbohydrate
molecular recognition: A spectroscopic
investigation of carbohydrate-aromatic
interactions. Physical Chemistry
Chemical Physics. 2007;9(32):4444

[16] Milland EY, Xing PX, McKenzie FC,
et al. Carbohydrate residues
downstream of the terminal Gala(1, 3)



ABO Blood Group Antigens as a Model of Studying Protein-Protein Interactions

DOI: http://dx.doi.org/10.5772/intechopen.82541

Gal epitope modulate the specificity of
xenoreactive antibodies. Immunology
and Cell Biology. 2007;85:623-632

[17] Agostino M, Sandrin M, Thompson
P, Yuriev E, Ramsland P. Identification
of preferred carbohydrate binding
modes in xenoreactive antibodies by
combining conformational filters

and binding site maps. Glycobiology.
2010;20(6):724-735

(18] Gylmiyarova F, Radomskaya N,
Gergel N, Kotelknikov G, editors. Blood
Groups: Biological Variability of Cellular
Metabolism in Norm and Pathology.
Moscow: Izvestiya; 2007

[19] Gylmiyarova F, Kolotyeva N,
Potekhina V, Baisheva G, Ryskina E. The
lactate role in intramolecular regulation
of proteins interaction. Meditsinskiy
Al'manakh. 2017;2(47):99-101

77


http://dx.doi.org/10.5772/intechopen.82541

Edited by Anil Tombak

Blood groups, erythrocyte antigens, and transfusion are fundamental areas of
medicine and are related to many disciplines of science like hematology, immunology,
surgery, and genetics. This book is a collection of information related to blood groups

and transfusion, and a practical resource for all concerned physicians. The book is
divided into two sections. The first section includes chapters on blood transfusion
reactions and hemolytic disease of the fetus. The second section includes information
for the future perspectives of blood group antigens. This book will be a stepping stone
for scientists who are rapidly advancing their science journey.

ISBN 978-1-83881-106-8

9‘7

Published in London, UK
© 2019 IntechOpen

© scanrail / iStock InteChOpen

38"8

068

18 11

8




	Blood Groups
	Contents 
	Preface 
	Section 1 - Clinical Significance ofBlood Groups
	Chapter 1 - Introductory Chapter: Blood Groups - From Past to the Future 
	Chapter 2 - Blood Transfusion Reactions 
	Chapter 3 - Hemolytic Disease of the Fetus and Newborn
	Section 2 - Future Perspectives
	Chapter 4 - A New Alternative Approach for RhD Incompatibility; Determination Fetal RhD Status via Biosensor Technology
	Chapter 5 - ABO Blood Group Antigens as a Model of Studying Protein-Protein Interactions




