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Preface

Rare diseases, also referred to as orphan diseases, are diseases affecting a low 
percentage of the population compared with common diseases. However, more 
people suffer from rare diseases than cancer and AIDS combined. About 350 million 
people worldwide are suffering from rare diseases. It is estimated that there are 
about 7000–8000 different types of rare diseases/disorders. These diseases are rare 
in some populations but may be common in others, such as Fanconi anemia, which 
is more prevalent in some regions due to founder mutations in Ashkenazi Jews, the 
Roma population of Spain, and black South Africans. Evidence and facts from the 
accumulated data indicate that rare diseases are quite common.

Genetics-causing diseases are classified as chromosomal abnormalities, single 
gene defects, multifactorial problems, teratogenic problems, and mitochondrial 
disorders by their etiology.

Most rare diseases are genetics based. Any abnormality of one of the above four 
categories could result in rare diseases being phenotypic, including some types of 
malignancies.

Studies of rare diseases offer exciting opportunities and challenges. Knowledge 
and experience obtained from these studies not only increase our understanding 
of the correlations between phenotype and genotype, but also have enlight-
ened other areas, particularly in personalized medicine when translating into 
therapies.

The aim of this book is to increase awareness and exchange experiences and 
knowledge from experts in field to reduce the challenges and increase an under-
standing of the nature of rare diseases. As a result, diagnosis/management and 
care of those suffering from these diseases will hopefully improve.

This book contains 15 chapters covering epidemiology, pathogenesis, clinical 
characteristics, classification, diagnosis, and disease monitoring using modern 
technologies, therapies, prevention techniques, data management, and analysis.

To meet the special needs, nine comprehensive literature review chapters were 
edited focusing on specific types of rare diseases analyzing the past and present and 
predicting the future of these types of diseases systemically.

We hope this edition will be a helpful and useful book for those studying rare 
diseases. Most importantly it will benefit patients and improve their quality of life, 
as well as help families and society reduce social burdens.

Therefore, we would like to express our special thanks to these experienced authors 
for their valuable contributions to this work.
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Chapter 1

Introductory Chapter: Advances in 
the Diagnosis and Management of 
Rare Diseases
Zhan He Wu

1. Introduction

Rare diseases, also known as orphan diseases, are a group of disorders that 
affects a small percentage of the population which it commonly presented in early 
life, but it can also be seen in adulthood with chronic phase. These diseases are fre-
quently progressive, disabling and life threatening. Approximately 30% of children 
suffering will die at 5 years of age [1–4].

Rare diseases not only have a severe impact on patients and families psychologi-
cally and financially but also create a huge burden to communities/societies and 
counties.

It is estimated that there are approximately 7000–8000 distinct rare diseases 
in existence. The majority of rare diseases are genetic based on their aetiology and 
pathology with huge variations of clinical phenotypes [5–8].

According to the estimation from the Global Genes Project, there are approxi-
mately 300 million people worldwide who have been affected by rare diseases, 
some types of rare solid cancers and haematological malignancies (liquid cancers), 
for example, myelodysplasia syndrome (MDS) and myeloproliferative neoplasms 
(MPN) including polycythemia vera, essential thrombocythemia, primary myelofi-
brosis, and chronic myeloid leukaemia [9, 10].

Although there are some definitions relating to rare diseases based on the num-
ber of people living with a disease, including several factors such as the existence of 
adequate treatments or the severity of the disease, unfortunately, there is no single, 
widely accepted definition for rare diseases [11]. Actually, the most accepted defini-
tion is no disease is rare when it affects someone you love.

Nowadays the treatment of infectious and nutritional disorders has been well 
established. In contrast, paediatric onset genetic disorders and cancer in children 
constitute a substantial load in paediatric clinics, and rare diseases are the major 
clinical load.

2. Advances in the diagnosis and management of rare diseases

In the past, diagnosis of rare diseases was very difficult due to the lack of 
diagnostic technologies. The detection rate for rare diseases was very low before 
the genomic era. Therefore, delayed or wrong diagnosis was not uncommon which 
resulted in stress, frustration and worry for patients and families.

Studies showed that only 36% of rare patients/individuals can be diagnosed 
earlier; about 25% of these got a different diagnosis, 15% sought a second opinion 
and 5% had unnecessary management and care [3].
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In the last two decades, the study on rare diseases is the hallmark of genetic era 
in medicine from clinical symptomatic to pathological aetiology phase with the 
development of new technologies. With the advances of genomic technologies, the 
detection rate on genetic-based rare diseases dramatically increased.

The applications of next-generation sequencing technology have been bringing 
benefits to patients with rare diseases first. Excitingly, the concept and practice on 
rare diseases have been changing dramatically in the last decades.

In approximately 50% of the estimated 7000 rare diseases, responsible genes 
have been identified for the determination of their molecular aetiology, and it is 
predicted that the remaining 50% genes will be identified by 2020. This will be 
speeded up by the next-generation sequencing technology [12].

In order to guide the care for rare diseases and accelerate progress of rare disease 
research through international cooperation and collaboration, the International 
Rare Diseases Research Consortium (IRDiRC) was formed in 2011, and policies and 
guidelines were documented in 2013 [13].

Much effort has been made in the last 10 years to increase knowledge of the epi-
demiology of rare diseases, including recognition of the specificity of rare diseases; 
develop information for patients; increase the health professionals and the general 
public concerning their diseases; train health professionals to better identify rare 
diseases; organise screening and access diagnostic tests; improve access to treat-
ment and the quality of patient care; continue efforts in favour of orphan drugs; 
respond to the specific accompanying needs of people suffering from rare diseases; 
promote research on rare diseases; and develop national and international  
partnerships [14, 15].

National Coordinated and Collaborative Approach, Data Collection and Use, 
Coordinated Care, Equitable Access to Services, Equitable Access to Diagnostics 
and Treatments, Nationally Coordinated Research both in malignant and non-
malignant phenotypes have been established [16, 17].

Huge steps have been made for the caring and therapies of rare diseases inter-
nationally. The last day of February each year is recognised as the Rare Disease 
Day. In 2015 and 2016, the Food and Drug Administration (FDA) approved 47% 
of the novel drugs for the therapies of rare diseases. It is aimed to develop 200 new 
therapies for rare diseases in 2020 [15].

3. Advances in rare disease research

In the past, rare diseases were under-researched in many aspects and were also 
impeded due to the lack of population-based epidemiology, aetiology study of 
disease-related mechanisms, clinical treatment trials, diagnostic tools, research on 
health service and familial/communities and social researches.

In the recent years, the studies on the disease cause of genetic and environ-
ment and their interactions on rare diseases have become the key area in medical 
research. It is believed such studies hold the key for conquering human diseases. 
Studies on rare disease became the main stream from the branch stream in the 
paediatric research field.

High-throughput sequencing approaches (whole genome sequencing and whole 
exome sequencing) have revolutionised research and translated into accurate and 
specific diagnosis and effective treatment.

The discoveries on disease-causing genes, identification of inherited mutations 
and detection of genetic variations provided huge benefits to patients and families 
with rare diseases.
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Knowledge and experience obtained from the studies on rare diseases not only 
increased our understanding of the correlations between phenotype and genotype, 
but also such studies have been enlightening the other medical areas, particularly 
in personalized medicine. Such research findings have been translating into the 
development in therapies.

Studies on rare diseases provided exciting opportunities in the identification of 
human disease-causing genes, understanding of common disease and the transla-
tion of genetic findings into clinical bedside.

Fanconi anaemia (FA) is the most classical, representative rare disease and the 
best example with the most successful achievements. FA is an inherited rare disease 
which is characterised with developmental abnormalities, progressive bone marrow 
failure and cancer predisposition commonly in acute myeloid leukaemia [18, 19] 
and first reported and named as a disease which was in 1927 by the Swiss paediatri-
cian—Guido Fanconi [20].

FA has several synonyms such as Fanconi pancytopenia, inherited aplastic 
anaemia, inherited pancytopenia, constitutional aplastic anaemia, inherited bone 
marrow failure syndrome, premalignant disorder, chromosome breakup syndrome 
and DNA repair disorder [21]. The incidence is 1 in 160,000 in the general popula-
tion, but it is 1 in 20,000 in some ethnic groups [22].

So far, 23 responsible genes were identified [23], and interestingly, several of 
them are genes also found to be associated with other types of cancers, including 
breast cancer genes BRCA 1 and BRCA2 [24–26].

It was the first successful example in cord blood stem cell transplantation in 
1988 [27]. So the study on Fanconi anaemia is named as a paradigm for the under-
standing of cancer and aging [28].

4. Conclusion

The achievements in the last two decades in the diagnosis, management and 
research on rare diseases have been unprecedented. The advancing studies of 
rare diseases toward genetic causes and effective therapies have been progressing 
rapidly.

Policies and guidelines concerning rare diseases have been issued in different 
regions and countries. Life quality of patients with rare diseases has been improving 
with such advances internationally.

Increases in research funding support have been providing more and more 
coordination in different disciplines/areas of management to provide the forming 
of best practice.

Awareness of rare disease has been raising quality of life, and the ensuing impact 
on patients has been improving, although we are still facing challenges in medical 
and nonmedical issues.

Challenges from medical and nonmedical issues have been reducing with more 
knowledge and awareness of rare diseases in the community/society in the health-
care strategies and established in vitro diagnostic and bioinformatics systems.

Further and deep studies on rare diseases across different levels and aspects, 
including the cell types, tissues and organs, are associated with rare diseases and the 
interactions between different cell types to explore mysteries.

Rare disease is named historically with the limitation of technologies in the 
symptomatic era under the condition from clinical data to distinguish from the 
common diseases, such as nutritional and infectious diseases which were relatively 
and predominantly higher.
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However, it is believed that more rare diseases will be identified and reclassified 
in the future in the genomic era since we know that “rare disease” is probably not 
a proper terminology to be used currently to classify such a disease genetic base 
affecting such a large population worldwide.
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Chapter 2

Duchenne Muscular Dystrophy
(DMD) Diagnosis: Past and
Present Perspectives
Nahla O. Mousa, Ahmed Osman, Nagia Fahmy,
Ahmed Abdellatif, Suher Zada and Hassan El-Fawal

Abstract

Duchenne muscular dystrophy (DMD) is a fatal X-linked disorder, character-
ized by progressive skeletal muscle wasting. The disease is caused by various types
of mutations in the dystrophin gene (DMD). The disease occurs at a frequency of
about 1 in 5000 male births, making it the most common severe neuro-muscular
disease. In addition to clinical examinations of muscle strength and function, diag-
nosis of DMD usually involves a combination of immunological assays using muscle
biopsies, typically immunohistochemistry and western blotting, and molecular
techniques such as DMD gene sequencing or Multiplex Ligation Dependent Probe
Amplification (MLPA) using blood samples. In fact, precise molecular diagnosis is a
prerequisite for determining the appropriate personalized therapeutic approach
such as exon-skipping, gene therapy or stem cell-based therapies in conjunction
with gene editing techniques like CRISPR-Cas9. However, the quest for reliable
biomarkers with high sensitivity and specificity for DMD from liquid biopsy is still
a hotspot of research, as such non-invasive biomarker(s) would not only facilitate
disease diagnosis but would also help in carrier detection, which will eventually
result in better disease management. In this chapter, we will illustrate the detailed
current and prospect strategies for disease.

Keywords: DMD, diagnosis, biomarkers

1. Introduction

Dystrophin protein is present in myocytes in skeletal, cardiac, and smooth
muscles, acting to connect the actin microfilaments, via N-terminus of the protein,
to the extracellular matrix by binding membrane—bound (sarcolemma) glycopro-
tein complex (dystrophin associated glycoprotein complex; DGC) to the C-terminal
end of the protein, and thus, plays an important role in normal muscle function [1].
Inactivating mutations occurring in DMD gene causes immature termination of
protein translation, giving rise to C-terminally truncated protein product that fails
to transmit muscle impulses, which causes increasing intracellular Ca2+ influx and
thus, activating apoptotic machineries and eventually causes cell death and muscle
atrophy/necrosis [2]. Death usually occurs in the third decade of life as a result of
respiratory or heart failure [3].
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2. Methods for DMD diagnosis

2.1 Clinical picture

Affected DMD boys are usually normal at birth but in early childhood they suffer
from inability to get up from floor or climb stairs or run and they fell very often. Also,
enlarged calf muscles (pseudo hypertrophy) are always noticed [4]. From the age of
7–12, the cases become more deteriorated, and the patients start to suffer from
scoliosis [5], and joint contracture [6]. Also, patients will have an apparent reduction
in bone-mineral density and will have hypocalciuria and osteoporosis [7].

Because the disease affects proximal as well as distal muscles, thus, in early
teenage, DMD boys usually get respiratory infections and sleep apnea [8], and
later, the patient will develop cardiomyopathy and eventually heart failure [9].

2.2 Circulating blood biomarkers

2.2.1 CK levels and other proteins/enzymes

One of the dystrophin protein main functions is to stabilize the muscle tissue,
since it exists and binds to sarcolemma. The absence of dystrophin will eventually
lead to the increased permeability of the muscular tissue and consequently the
release of the muscle proteins [10], of which the creatine kinase (CK) enzyme that
is responsible for the production of phosphocreatine and ADP from creatine and
ATP as part of energy homeostasis. In normal condition, normal myocytes turn-
over, serum levels of CK ranges from 20 to 200 U/L, however, it can be slightly
increased in some neurological disorders. On the other hand, in case of DMD boys,
due to the accelerated muscular destruction, it may reach higher levels reaching
several thousands of units/L, and in severe muscle damage it can reach
200,000 U/L [11–13]. However, CK levels sometimes can be misleading because
in advanced stages of DMD, CK levels may come within normal range due to
progressive muscular atrophy [14].

CK is considered one of the most used serum biomarkers in DMD diagnosis,
however, many studies were performed to detect alterations in other muscle related
proteins using immunoassay and MS-based detection to screen for other potential
diagnostic biomarkers (Table 1).

2.2.2 MicroRNA

MicroRNAs (miRNAs) are a tissue—specific class of small, non-coding RNA
molecules that function as gene regulators/silencers and consequently they are
considered sensitive indicators for different cellular contexts. MiRNAs act through
binding to a specific region in the 30-UTR in the target mRNA molecules, thus,
inducing mRNA degradation and inhibiting the translation process [42]. The circu-
lating levels of miRNAs in serum reflect the intracellular status and hence, they are
excellent biomarkers for many pathological conditions as they can be detected from
liquid biopsies and/or tissue specimens [43]. Many studies attempted to study the
modulation in the levels of different miRNAs (Table 2).

2.2.3 Lipids, metabolites, amino acid, and organic acid

In addition to the previously mentioned biomarkers, lipid profile and metabo-
lites in the blood or urine are also very important parameters that reflect the status
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Tested marker Levels (high or low) in
DMD patients and/or
other MDs

Location
(serum/muscle)

Detection method Ref.

Alkaline phosphatase
(AP)-A

Elevated in Grade 1 and
Grade 2 patients

Serum Measuring enzyme
activities

[15]

AP-B No change

Gly-AP Elevated in Grade 1 and
Grade 2

Ala-AP Elevated in Grade 1

Ser-AP Elevated in Grade 1,2,3

Leu-AP Elevated in Grade 1

Met-AP No Change

Phe-AP Elevated in Grade 1,2,3

Trp-AP Elevated h in Grade 1,2,3

Gly-pro-AP Elevated in Grade1
Reduced in Grade 3

Gly-Pro-Leu-AP Reduced in Grade1 and
Grade 2

Trypsin Reduced in Grade 1

Cathepsin C Reduced in Grade 1 and
Grade 2

Sulphatase No change

Phosphatase No change

Acetyl-choline esterase Reduced in Grade 2

Esterase Elevated in Grade 1,2,3

RNase Reduced in Grade 1 and
Grade 2

Angiotensin Converting
enzyme

Reduced in Grade 3

Myostatin (Growth and
differentiation factor 8;
GDF8)

Elevated in DMD
patients

Serum ELISA [16]

Interleukin 17 Elevated in Emery-
Dreifuss MD and Limb-
Girdle MD 1B

Serum ELISA [17, 18]

TGF-β2 Elevated in Emery-
Dreifuss MD and Limb-
Girdle MD 1B

IL6 Variable

Skeletal troponin I
(sTnI),

Elevated in DMD, BMD,
LGMD2B

Serum ELISA

Myosin light chain 3
(Myl3),

Elevated in DMD, BMD,
LGMD2B

Fatty acid binding
protein 3 (FABP3)

Elevated in DMD, BMD,
LGMD2B

Muscle-type creatine
kinase (CKM)

Elevated in DMD, BMD,
LGMD2B
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Tested marker Levels (high or low) in
DMD patients and/or
other MDs

Location
(serum/muscle)

Detection method Ref.

N-terminal α
Dystroglycan (αDG-N)

Reduced in DMD
patients

Serum ELISA [19]

Fibronectin Elevated in DMD
Normal in BMD

Serum ELISA [20]

Basic fibroblast growth
factor

Elevated in DMD
patients

Serum ELISA [21]

cardiac myosin light
chain I

Elevated in DMD
patients (correlated with
CK levels)

Serum Immunoradiometric
assay

[22]

Troponin I, fast skeletal
muscle

Elevated in DMD Serum SOMAscan assay
“Aptamer-based
proteomic
technology”

[23]

Carbonic anhydrase 3 Elevated in DMD

Fatty acid-binding
protein, heart

Elevated in DMD

Troponin I, cardiac
muscle

Elevated in DMD

Creatine kinase M-type Elevated in DMD

Mitogen-activated
protein kinase 12

Elevated in DMD

Alanine
aminotransferase 1

Elevated in DMD

Myoglobin Elevated in DMD

Fibrinogen Elevated in DMD

Phospholipase A2,
membrane associated

Elevated in DMD

Acidic leucine-rich
nuclear phosphoprotein
32 family member B

Elevated in DMD

Hepatoma-derived
growth factor-related
protein 2

Elevated in DMD

40S Glucose-6-
phosphate isomerase
ribosomal protein S7

Elevated in DMD

Heparin cofactor 2 Elevated in DMD

Persephin Elevated in DMD

Calcium/calmodulin-
dependent protein
kinase II α

Elevated in DMD

Malate dehydrogenase,
cytoplasmic

Elevated in DMD

l-lactate dehydrogenase
B chain

Elevated in DMD

Aminoacylase-1 Elevated in DMD

Proteosome subunit α
type-2

Elevated in DMD
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Tested marker Levels (high or low) in
DMD patients and/or
other MDs

Location
(serum/muscle)

Detection method Ref.

C-X-C motif chemokine
10

Elevated in DMD

cAMP-dependent
protein kinase catalytic
subunit α

Elevated in DMD

Heat-shock 70 kDa
protein 1A/1B

Elevated in DMD

Proto-oncogene
tyrosine-protein kinase
receptor Ret

Reduced in DMD

Growth/differentiation
factor 11

Reduced in DMD

Complement decay-
accelerating factor

Reduced in DMD

Cadherin-5 Reduced in DMD

Tumor necrosis factor
receptor superfamily
member 19 L

Reduced in DMD

Gelsolin Reduced in DMD

Wnt inhibitory factor 1 Reduced in DMD

Contactin-5 Reduced in DMD

Prolyl endopeptidase
FAP

Reduced in DMD

Jagged-1 Reduced in DMD

Netrin receptor UNC5C Reduced in DMD

Kunitz-type protease
inhibitor 1

Reduced in DMD

Protein SET Reduced in DMD

Disintegrin
metalloproteinase
domain-containing
protein 9

Reduced in DMD

Cell adhesion molecule
L1-like

Reduced in DMD

Osteomodulin Reduced in DMD

WAP, Kazal, Ig, Kunitz
and NTR domain-
containing protein 1

Reduced in DMD

Bone sialoprotein 2 Reduced in DMD

Interleukin-34 Reduced in DMD

Neurogenic locus notch
homolog protein 3

Reduced in DMD

Cytoplasmic aspartate
aminotransferase

Elevated in DMD Serum Measuring enzyme
activity

[24]

mitochondrial aspartate
aminotransferase

Elevated in DMD
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Tested marker Levels (high or low) in
DMD patients and/or
other MDs

Location
(serum/muscle)

Detection method Ref.

Alanine transaminase
(ALT)

Elevated in DMD Serum ELISA [25]

Aspartate transaminase
(AST)

Elevated in DMD

Muscle-specific enolase
(MSE, beta beta and
alpha beta enolases)

Elevated in DMD and
another progressive
muscular dystrophies

Serum Enzyme
immunoassay

[26]

Serum carbonic
anhydrase III (CA-III)

Elevated in DMD, limb-
girdle dystrophy,
facioscapulohumeral
dystrophy and congenital
dystrophy

Serum Enzyme
immunoassay

[27]

Creatine kinase (CK)
isoenzymes (MM, MB,
and BB)

Elevated in DMD Serum Sensitive enzyme
immunoassay

[28]

Matrix
metalloproteinase-9
(MMP-9)

Elevated in DMD Serum ELISA [29]

Tissue inhibitors of
metalloproteinase-1
(TIMP-1)

Elevated in DMD

Osteopontin (OPN) Normal

MT-1-MMP Elevated in autosomal
dominant EDMD

Serum ELISA and
zymography

[30]

MMP2 Elevated in autosomal
dominant EDMD and in
X-linked EDMD

MMP9 Non-significant
elevation

TIMP-1 Normal in AD-EDMD
Elevated in X-linked
EDMD

Serum ELISA sandwich
immunoassay

[31]

TIMP-2 Non-significant decrease
AD-EDMD/X-EDMD
cases

TIMP-3 Reduced in AD-
EDMD/X-EDMD

Carbonic anhydrase III
(CA-III, EC 4.2.1.1)

Elevated in DMD,
congenital (Fukuyama-
type), limb-girdle, also
elevated in: polymyositis
myotonic dystrophy
amyotrophic lateral
sclerosis spinal
progressive muscular
atrophy or Kugelberg-
Welander disease and in
carriers of DMD

Serum Radioimmunoassay [32]

Vitamin D binding
protein (GC)

Reduced in DMD Serum 2D-HPLC off-line
coupled to LC-
MALDI-TOF-MS
verified with ELISA

[33]

Fibulin-1 (FBLN1) Elevated in DMD
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Tested marker Levels (high or low) in
DMD patients and/or
other MDs

Location
(serum/muscle)

Detection method Ref.

Gelsolin (GSN) Reduced in DMD

Carbonic anhydrase 1
(CA1)

Elevated in DMD

Apolipoprotein B100 Reduced in DMD

ALT, AST, LDH, and
ALP

Elevated in DMD Serum Enzymatic assay [34]

ALT, AST, and LDH Elevated in BMD and
LGMD

FSHD and EDMD lack of abnormal serum
enzyme levels

ALP Highly elevated in
LGMD2B
Elevated in non-
LGMD2B

Vascular endothelial
growth factor

Highly elevated in BMD
Elevated in Bedridden
DMD, spinal muscular
atrophy, myotonic
dystrophy

Serum ELISA [35]

Creatine kinase MB
fraction

Elevated in DMD Serum Multiplex,
microsphere-based
immune-fluorescent
assay

[36]

Tissue-type
plasminogen activator
PLAT

Slightly elevated in DMD

Myoglobin Slightly elevated in DMD

Epidermal growth
factor

Slightly elevated in DMD

Chemokine (C-C motif)
ligand 2

Slightly elevated in DMD

CD 40 ligand Slightly elevated in DMD

Vitronectin Slightly elevated in DMD

Carboxyterminal
propeptide of type I
procollagen

No significant alteration Serum Radioimmunoassay [37]

Aminoterminal
propeptide of type III
procollagen

No significant alteration

Laminin P1 No significant alteration

Creatine kinase Elevated in DMD and
BMD

Serum Measuring enzyme
activity

[38]

Pyruvate kinase Elevated in DMD and
BMD

Myosin light chain—3 Elevated in DMD Serum affinity proteomics-
based screening
approach using an
antibody suspension
bead array

[39]

Carbonic anhydrase III Elevated in DMD

Electron transfer
flavoprotein A

Elevated in DMD
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of the muscles and thus, they could be measured to indicate the extent of muscular
dystrophy and can serve as good candidates for diagnostic purposes (Table 3).

2.3 Muscle imaging

Magnetic resonance imaging (MRI) is now used to visualize the composition of
skeletal muscles and detect structural abnormalities in the of DMD patients [61].
The produced images can reveal the presence of fat infiltration of muscle tissue, a
characteristic consequence of DMD, and thus, can be used for monitoring disease
progression and response to treatment [62].

2.4 Genetic diagnosis

2.4.1 RFLP

Detecting the mutation, especially non-sense point mutations, in the 2.4 Mb
gene represents a challenging task. In this context, restriction fragment length
polymorphism (RFLP) analysis could be used by digesting the genomic DNA using
specific restriction endonucleases followed by Southern blotting using DMD-
specific DNA probes (genomic or cDNA probes). At 1985, Bamkan et al. developed
11 RELP markers that are present in the X chromosome and can be used for
diagnosis. However, RFLP can detect only small percentage of the mutation and
hence it cannot be used as gold standard technique in the diagnosis process [63–65].

2.4.2 Multiplex PCR

Multiplex PCR is one of the modified PCR protocols that allows the co-
amplification of multiple products using different primer pairs that specially bind
complementary regions in the target segment. This method showed a great potential

Tested marker Levels (high or low) in
DMD patients and/or
other MDs

Location
(serum/muscle)

Detection method Ref.

Mitochondrial malate
dehydrogenase 2

Elevated in DMD

Electron transfer
flavoprotein B

Reduced in DMD

Fast skeletal muscle
troponin T

Elevated in DMD

Matrix
metalloproteinase 9

Elevated in DMD Serum Immunoassay [40]

Matrix
metalloproteinase 2

Reduced in BMD

Myostatin (GDF-8) Reduced in DMD

Follistatin (FSTN) Elevated in DMD and
BMD

N-terminal fragment of
titin

Elevated in DMD
patients

Urine ELISA [41]

Table 1.
List of potential protein biomarkers that could be utilized in the diagnosis of Duchenne muscular dystrophy.
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microRNA Status Disease Location Ref.

miR-133a Upregulated DMD, BMD,
LGMD, FSHD

Serum and
skeletal
muscles

[44–47]

miR-206 Upregulated DMD, BMD,
LGMD, FSHD

Serum and
skeletal
muscles

miR-1 Upregulated DMD, BMD,
LGMD, FSHD

Serum and
skeletal
muscles

miR-499 Upregulated DMD Serum [45]

miR-208a Upregulated DMD Serum

miR-208b Upregulated DMD Serum

miR-95 Upregulated DMD Serum [48]

miR-539 Downregulated DMD Serum

miR-30c Upregulated DMD Serum [49]

miR-181a Upregulated DMD Serum

miR-21 Downregulated DMD Urine [50]

miR-29 Downregulated DMD Urine

miR-23 Downregulated DMD Urine

miR-181a Upregulated DMD Serum [51]

miR-4538 Upregulated DMD Serum

miR-4539 Upregulated DMD Serum

miR-606 Upregulated DMD Serum

miR-454 Downregulated DMD Serum

miR-483 Upregulated DMD Serum [52]

hsa_miR_146b, hsa_miR_368, hsa_miR_381,
hsa_miR_487b, hsa_miR_495, hsa_miR_376a,
hsa_miR_299_5p, hsa_miR_155, hsa_miR_382,
hsa_miR_199a, hsa_miR_379, hsa_miR_335,
ambi_miR_5021, hsa_miR_432, hsa_miR_199b,
hsa_miR_369_5p, hsa_miR_21, hsa_miR_34a,
hsa_miR_199a*, hsa_miR_154, hsa_miR_221,
hsa_miR_214, hsa_miR_518a_2*,
hsa_miR_409_3p, hsa_miR_452,
ambi_miR_2537, hsa_miR_127,
hsa_miR_493_3p, hsa_miR_130a,
ambi_miR_4983, ambi_miR_13145,
hsa_miR_148a, hsa_miR_210,
hsa_miR_485_5p, hsa_miR_299_3p,
hsa_miR_134, hsa_miR_222, hsa_miR_181d,
ambi_miR_13258

Upregulated DMD Serum [53]

hsa_miR_423, hsa_miR_361, hsa_miR_197,
hsa_miR_92, hsa_miR_26a, ambi_miR_7075,
hsa_miR_30b, hsa_miR_30e_5p, hsa_miR_29a,
ambi_miR_13156, hsa_miR_30a_5p,
hsa_miR_193b, hsa_miR_331, hsa_miR_486,
hsa_miR_30d, hsa_miR_29b, hsa_miR_101,
hsa_miR_30c, hsa_miR_22

Downregulated

Table 2.
List of different microRNAs that could be used as potential biomarkers in the diagnosis of DMD.
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Tested marker Levels (high or low) Location
(serum/
muscle)

Ref.

24,25(OH)2D3 Reduced in DMD Serum [54]

1,25(OH)2D3 No change

25(OH)D3 No change

Creatinine Reduced in DMD, BMD, LGMD2A
and LGMD2B

Serum [55]

Imidazole acetic acid Reduced in DMD and LGMD2B

5α Dihydrotestosterone glucuronide //
androsterone glucuronide // Etiocholan-
3alpha-ol-17-one 3-glucuronide

Reduced in DMD

DL-p-Hydroxyphenyllactic acid //
Isohomovanillic acid

Reduced in DMD

Creatine Elevated in DMD, DM1,
LGMD2Aand LGMD2B

Guanidinoacetic acid Reduced in DMD, BMD, DM1 and
LGMD2A

p-Coumaric acid Reduced in DMD

Citrulline Reduced in DMD

5-Methoxyindoleacetate // Indoleacetic
acid

Reduced in DMD

L-Aspartic acid Reduced in DMD

Ornithine Reduced in DMD

2-Hydroxycaproic acid Reduced in DMD

L-Serine Reduced in DMD

Dehydroisoandrosterone 3-sulfate Reduced in DMD

Erythrose Reduced in DMD, BMD, FSHD

Glutamine Reduced in DMD, BMD, LGMD-
2B, FSHD and elevated in DM-1

Serum [56]

Acetate Elevated in DMD, BMD, FSHD,
LGMD-2B and DM-1

Tyrosine Elevated in BMD

Lysine Reduced in FSHD, LGMD-2B and
DM-1

Citrate Reduced in FSHD
Elevated in LGMD-2B

Lactate Reduced in LGMD-2B

Histidine Reduced in FSHD

Serum creatinine Elevated in BMD
Decreased in DMD

Serum [57]

3-Methylhistidine Deduced in DMD and LGMD Urine [58]

N epsilon,N epsilon-dimethyllysine No alteration

N epsilon, N epsilon, N epsilon-
trimethyllysine

No alteration

NG,NG-dimethylarginine Elevated in DMD and LGMD

NG,N’G-dimethylarginine No alteration
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to diagnose DMD since the multiple primers covered commonly mutated locations
across the entire DMD gene, hotspot regions [66–68]. This technique was first
developed by Chamberlain et al. [69] through utilization of 6 primer sets that were
modified to 9 sets and later to 10 by Beggs et al. [70] (to amplify exons 45, 48, 19,
17, 51, 8, 12, 44, 4). If no amplification take place, this will confirm deletion of this
exon. The developed primer sets were successfully able to detect deletion mutations
in the hot spot regions. One of the limitations of such technique was its inability to
diagnose all cases with other deletion mutation in other regions, or patients with
SNPs or deep intronic mutation.

2.4.3 Multiplex ligation dependent probe amplification (MLPA)

In order to simultaneously investigate the status of the 79 exons of the DMD
gene, a PCR-based technique was developed to diagnose DMD in a multiplex PCR
reaction. The assay uses multiple probes to target different exons in the DMD gene.
Each probe consists of two oligonucleotides; one consists of a 50-adapter and a
30-exon-specific region, and vice versa for the second oligonucleotide, where the
30-end of the first primer and the 50-end of the second hybridize to two adjacent
nucleotides in the target exon. Hybridized probes are subjected to ligation reaction,
thus, only hybridized probes get ligated, amplified by PCR using adapter-specific
primers and separated by capillary electrophoresis. Positive PCR product indicates
the presence of the target exon, while deleted exon(s) will not produce
corresponding product(s). In this assay, it is also possible to detect exon duplica-
tion, which will be detected as larger peak [71, 72]. However, this assay cannot
detect non-sense nor in/del point mutations.

2.4.4 Microarray

High-throughput methods such as DNAmicroarrays were adopted using specific
oligonucleotide probes that cover the entire 2.4 mbp DMD gene (targeted high
density comparative genomic hybridization (CGH) microarray). Such method
could effectively be used to detect known as well as novel intronic mutations
[73–75].

2.4.5 Next generation sequencing (NGS)

The development of NGS and the massively parallel sequencing allowed the
sequencing of 100 s of millions of independent short reads (100–300 bp) at the
same time. Such approaches generate huge amount of data that uses bioinformatic
analysis for annotations and alignments of the generated sequences to produce
sequence information for large genes such as DMD and titin and delineate the exact
locations of mutations [76]. One major advantage of resorting to NGS for DMD
diagnosis is that it could be used for the analysis of MLPA-negative samples that
could have small deletions/duplications or single nucleotides variants [77].

Tested marker Levels (high or low) Location
(serum/
muscle)

Ref.

Tetranor PGDM (PGD2 metabolite) Elevated in DMD Urine [59]

Nitric oxide Reduced in DMD Serum [60]

Table 3.
List of metabolites that can be used as potential biomarkers in DMD diagnosis.
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Also, RNA sequencing by NGS (RNA-seq) is very useful in detecting the splicing
pattern that occur in the DMD transcripts in the muscles through different devel-
opmental stages, muscle breakdown or muscle regeneration [78–80].

2.4.6 Muscle biopsy

In some cases, muscle biopsy is required to fully characterize the phenotypic
effect of the mutation. The muscle tissue is used in immunoassays, using different
antibodies targeting different regions of dystrophin protein (C-terminal, Rod and
N-terminal domains), such as western blotting [81–83] or immunohistochemistry
[83]. Uchino et al. [83] developed a multiplex western blotting assay to analyze the
expression of other muscle proteins like dysferlin, merosin, different forms of
sarcoglycan (alpha, beta, gamma, delta), and calpain in addition to dystrophin
protein, due to the frequent epigenetic changes incited in these proteins as
a consequence to the alteration in dystrophin expression.

3. Conclusion

In this chapter, we have presented a comprehensive review for the methods that
have been used in the diagnosis of DMD. Because of the nature of the disease, an
X-linked disorder, DMD symptoms of the first affected male births of asymptom-
atic carrier mothers are usually go unnoticed until the age of 5, where the progres-
sive muscle weakness becomes obvious and fibrotic fatty tissue infiltration is
prominent. However, it is well known that early diagnosis and treatment results in
better disease management and improve the clinical outcomes. In fact, some studies
have pointed out to the fact that initiating corticosteroids therapy early enough has
delayed the loss of ambulation in most cases by about 2 years [84]. In addition, with
the fast-paced progress in molecular/personalized therapies such as exon-skipping
and gene-editing based approaches, precise diagnosis and mutation detection
becomes a necessity. Moreover, the genetic testing has been extensively used in
prenatal diagnosis and has assisted in decreasing disease burden by aborting
affected male pregnancies. In a retrospective study conducted in the Netherland,
the authors reported 145 abortions of male fetuses over 26 years that had been
found to carry inactivating mutations of the DMD gene [85]. Furthermore, identi-
fying female carriers, is gaining momentum to decrease the possibility of giving
birth to affected males and consequently contributes to the overall disease
management.
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Chapter 3

Lipodystrophy - A Rare 
Condition with Serious Metabolic 
Abnormalities
Long Hoa Chung and Yanfei Qi

Abstract

Lipodystrophy is a rare lipid storage disorder that is characterized by a loss of 
adipose tissue. It can be inherited due to monogenic mutation or acquired by medi-
cation and autoimmune illness. Two primary forms of inherited lipodystrophy are 
congenital generalized lipodystrophy manifested as a near-complete loss of fat tis-
sue since birth and familial partial lipodystrophy with progressive, partial loss of fat 
tissue during late childhood and puberty. Lipodystrophy results in severe metabolic 
conditions, including insulin resistance, type 2 diabetes, hepatosteatosis, polycystic 
ovary syndrome, acanthosis nigricans, and hypertension. This chapter summarizes 
the symptoms, causes, and treatments of inherited and acquired lipodystrophy.

Keywords: adipose tissue, adipogenesis, metabolic syndrome, lipid disorders,  
ectopic lipid

1. Introduction

In order to survive and adapt to challenging environment, living organisms 
have equipped themselves with different mechanisms of energy storage that can be 
accessed when there is a shortage of food supply. In mammals, fat is mainly stored 
in adipose tissues [1]. There are two types of adipose tissues: white adipose tissue 
that stores the majority of the body fat and also functions as an endocrine organ and 
brown adipose tissue that generates the body heat [2]. In adipocytes, fat is stored 
in lipid droplets (LDs) in the form of neutral lipids, e.g., triacylglycerol (TAG) 
and cholesteryl ester (CE). White adipocytes contain unilocular LDs that occupy 
up to 90% of the cytoplasmic space, while brown adipocytes contain multilocular 
LDs. Obesity is characterized by both increase in the size and number of white 
adipocytes [3]. Fat storage in white adipose tissue is essential for proper metabolic 
homeostasis [4]. In contrast, when fat storage in white adipose tissue is compro-
mised or overwhelmed, the ectopic fat accumulation in non-adipose tissues will 
result in severe metabolic disorders [5].

Lipodystrophy is an extreme fat storage condition, in which white adipose tissue 
is selectively lost [6]. Partial or generalized loss of fat in this condition causes an 
array of complications including insulin resistance, type 2 diabetes and acanthosis 
nigricans, hypertriglyceridemia, hepatic steatosis, hypertension, polycystic ovar-
ian syndrome, and proteinuric kidney disease [7, 8]. The severity of lipodystrophy 
depends on the level of adipocyte depletion in the body. Fat loss can occur in nearly 
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the entire body known as congenital generalized lipodystrophy (CGL) or partial 
loss in small and discrete areas known as familial partial lipodystrophy (FPLD). 
While CGL is manifested early in life at birth or soon after, partial fat loss in FPLD 
occurs during late childhood and puberty. CGL can be determined by measure-
ments of skinfold thickness with calipers or by whole-body magnetic resonance 
imaging (MRI) scan [9]. Since lipodystrophy is a monogenetic disorder, it can also 
be diagnosed and confirmed by genotyping.

Lipodystrophy is a very rare genetic disease (1 in 10 million for CGL). Currently, 
there have been around 300–500 CGL cases and 1000 FPLD cases reported; how-
ever, the number of undiagnosed patients is suspected to be three times more [10]. 
Nearly 20 loci for different subtypes of lipodystrophy have been identified. These 
genes are implicated in the regulation of either the development of white adipose 
tissue or the expansion of LDs in white adipocytes. In this chapter, we will outline 
these lipodystrophy-causative gene loci as well as describe in brief the acquired 
condition of lipodystrophy.

2. Genetics of congenital generalized lipodystrophy

There are four different genetic subtypes of CGL that result from different 
mutations.

2.1 Type 1 CGL (CGL1) and AGPAT2

Mutations that are responsible for CGL1 (Online Mendelian Inheritance 
in Man [OMIM] #608594) occur in the region of 1-acylglycerol-3-phosphate 
O-acyltransferase 2 (AGPAT2) on chromosome 9q34. Only 4% of compound 
heterozygotes with a null and a missense mutation still maintain some residual 
enzymatic activity [7]. Also, homozygous missense mutations have been reported 
to be 2% of CGL1 patients. Interestingly, there is no strong correlation between the 
type of mutation and lipodystrophy phenotype (the level of adipocyte malfunc-
tion) [7, 11]. On the contrary, a founder mutation variant might exist in a particular 
 population [11]. In fact, almost all patients that have African origin have the 
founder mutation in intron 4, c589-2A>G of one or both alleles [7, 12]. In the past 
5 years, several novel variants of AGPAT2 have been identified in CGL patients: 
c.144C>A, c.667_705delinsCTGCG, c.268delC, and c.316+1G>T; c.134C>A and 
c.216C>G [13]; c.514G>A [14]; c.685G>T, and c.514G>A [15]. In addition, a very 
rare case of dual mutations (c.493-1G>C and c.299G>A) in AGPAT2 was identified 
in two Chilean sisters [16].

AGPAT2 is a member of lysophosphatidic acid acyltransferases (LPAATs) 
including AGPAT family (AGPAT1–AGPAT11) and others such as CGI-58 and 
endophilin [17]. In fact, AGPAT2 was identified with AGPAT1 by searching an EST 
database for human homologs of yeast LPAAT in 1997 [18]. There are 11 isoforms 
of AGPATs that are involved in the de novo synthesis of phospholipids (PLs) 
and triacylglycerol from glycerol-3-phosphate (G3P). AGPAT2 is predominantly 
expressed in adipose tissue, and its mRNA level increases by 30-fold during the dif-
ferentiation of adipocytes [19]. Patients with CGL1 normally suffer extreme loss of 
all metabolically active adipose tissue in most subcutaneous areas, intra-abdominal 
areas, intrathoracic regions, and bone marrow; however, it is postulated that the 
redundancy of other AGPAT isoforms or the enhanced expression of other AGPAT 
genes helps preserve mechanical fat depots located in the palms, soles, under the 
scalp, retro-orbital, periarticular regions, perineum, vulva, and pericalyceal regions 
of the kidneys [7, 20].
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In adipose tissue, the synthesis of PLs and TAG begins with the acylation 
of G3P with FA-CoA by glycerol phosphate acyltransferase (GPAT) at the SN1 
position to form 1-acylglycerol-3-phosphate or lysophosphatidic acid (LPA). Then 
AGPAT2 catalyzes the conversion of LPA into phosphatidic acid (PA) via an acyla-
tion reaction at the SN2 position. PA is a pivotal intracellular signaling lipid for it 
sits at the branching point of de novo PL and TAG synthesis pathway and acts as 
a precursor for the lipin-mediated production of diacylglycerol (DAG), followed 
by phosphatidylcholine (PC), phosphatidylethanolamine (PE), and TAG, and as 
the substrate for the cytidine diphosphate synthase (CDS)-mediated generation 
of cytidine diphosphate diacylglycerol (CDP-DAG), followed by phosphatidylino-
sitol (PI), phosphatidylglycerol (PG), and cardiolipin [21]. PA is a cone-shaped 
lipid that has the capacity to alter the curvature of the membranes, and it has 
been shown to mediate membrane fusion in both soluble N-ethylmaleimide-
sensitive factor attachment protein (NSF)-receptor (SNARE)-dependent and 
SNARE-independent fashions [22, 23]. It has been implicated in the fusion of 
multiple LDs to form a gigantic LD [24]. In addition, PA is believed to be an 
endogenous antagonist of peroxisome proliferator-activated receptor gamma 
(PPARγ) that is the master transcription factor in adipocyte differentiation [25]. 
The malfunctioned AGPAT2 in CGL1 is assumed to cause dysregulated PL and 
TAG synthesis, leading to defective adipose tissue development [11, 19]. However, 
the exact mechanism of how AGPAT2 deficiency causes lipodystrophy remains 
unraveled. Intriguingly, the same effect cannot be achieved by knocking out other 
key enzymes in the TAG synthesis including glycerol-3-phosphate acyltransferase 
1 (GPAT1), GPAT4, lipin, and diacylglycerol acyltransferase 1 (DGAT1) and 
DGAT2 [26–30].

Ablation of Agpat2 induces severe lipodystrophy in mice with the loss of both 
WAT and BAT during the first week of postnatal period, due to inflammatory 
infiltration to adipose tissue and massive adipocyte cell death [31]. In addition, 
both male and female mice have extreme insulin resistance, type 2 diabetes, hepatic 
steatosis, as well as organomegaly including hepatosplenomegaly, nephromegaly, 
and elongated small intestines as seen in human CGL [32]. Since almost all adipose 
tissues have disappeared, Agpat2−/− mice are not an ideal model to study the devel-
opment of lipodystrophy; however, this type of animals can be particularly useful 
for the investigation of lipodystrophy-induced metabolic disorders in non-adipose 
tissues such as severe hepatic insulin resistance and steatosis in CGL [20]. Up to 90% 
of the total AGPAT activity is compromised in the liver tissue of Agpat2−/− mice and 
that can be restored by adenoviral delivery of Agpat1 or Agpat2. However, overex-
pression of Agpat1 or Agpat2 in Agpat2−/− liver failed to alleviate hepatic steatosis, 
indicating that the ectopic hepatic lipid accumulation was derived from insulin 
resistance and loss of body fat [33]. While reduced AGPAT activity is supposed to 
result in a reduction in PA synthesis, the PA level was seen to increase in the liver of 
male Agpat2−/− mice, which suggests an alternative pathway for PA synthesis with 
a compensatory activation of DAG kinase or phospholipase D [32, 34]. A high level 
of PA predisposes Agpat2−/− liver to elevated hepatic glucose production, which is 
attributed to insulin resistance [34]. PA accumulation was also found in differenti-
ated Agpat2−/− murine embryonic fibroblast (MEF) adipocytes [31]. At day 6 of 
the differentiation, ultrastructural alterations in mitochondria, plasma membrane, 
and autophagosomes were found in Apgat2−/− MEF adipocytes, suggesting that 
in the absence of AGPAT2, cells can initiate adipogenesis, but a variety of cellular 
abnormalities eventually block the terminal phase of adipogenesis [31]. Enforcing 
adipocyte differentiation by overexpression of PPARγ, the master regulator of adi-
pogenesis can also promote adipogenesis of Agpat2−/− MEFs; nevertheless, massive 
cell death occurred before they reached full differentiation [31]. In agreement with 
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this finding, preadipocytes from Agpat2−/− interscapular BAT underwent progressive 
cell death during the adipogenic induction with no activation of caspase 3 [35].

In addition, these BAT-derived preadipocytes exhibit an increased expression of 
autophagy-related proteins but a decreased autophagic flux [35]. In isolated muscle-
derived multipotent cells (MDMCs) from CGL1 patients and 3T3-L1 preadipocyte 
cells with the knockdown of AGPAT2, cell death also proceeds during adipogenesis, 
which might be associated with defective Akt activation as a result of altered PI 
composition [36, 37]. The constitutively active Akt and PPARγ agonist pioglitazone 
partially rescued the adipogenic defect in the Agpat2−/− cells [37]. In addition, 
regarded as a therapy for CGL patients, leptin treatment normalizes the levels of 
plasma TAG, insulin, and glucose as well as improves hepatic steatosis in Agpat2−/− 
mice, which is independent of hepatic leptin receptor [38]. The role of AGPAT2 in 
LD biology has been rarely reported. In contrast to WT adipose tissue that manifests 
large unilocular LDs, Apgat2−/− adipocytes are featured by smaller multilocular 
LDs. Although LDs in Apgat2−/− MEFs are smaller than Apgat2+/+ cells, they are still 
normally coated with perilipin 1 (Plin1) [31].

2.2 Type 2 CGL (CGL2) and SEIPIN

In CGL2 (OMIM #269700), mutations happen in the BSCL2 gene located on 
chromosome 11q13. The BSCL2 gene encodes Seipin. Null mutations found in 
CGL2 patients occupy approximately 75% of all mutations in the BSCL2 gene, 
and the rest are missense mutations [39]. Phenotypically, there are no significant 
differences between patients with null and missense mutations. However, muta-
genic truncated forms of Seipin fail to bind lipin-1, while missense mutants still 
preserve this type of interaction. Although CGL2 affects a diverse range of people 
from Europe, Mediterranean and Middle Eastern Arabs, and Japanese, patients 
that have Lebanese origin share a common homozygous BSCL2 mutation of 
c.315_319delGTATC (p. Tyr106Cysfs*6) [20, 40].

Unlike patients with CGL1, patients with CGL2 suffer a near-total loss of both 
metabolically active and mechanical adipose tissues [41]. In addition, these patients 
have significantly low median serum levels of leptin (0.01 ng/ml) and adiponectin 
(3.3 μg/ml) as compared to normal healthy individuals who had median serum 
levels of 4.6 ng/ml and 7.8 μg/ml for leptin and adiponectin, respectively [42]. Also, 
they suffer cardiomyopathy and mild mental retardation in a more prevalent way 
[7, 8, 43]. One single patient with CGL2 has been reported to have teratozoosper-
mia, a condition characterized by sperm defects including abnormalities in sperm 
morphology and bundled sperm with two or more sperms joined together by large 
ectopic LDs [44]. Additionally, three patients in a family from Pakistan with BSCL2 
mutations have been reported to suffer spastic gait, a movement-related complica-
tion due to upper motor neuron [45]. While null mutations in BSCL2 can also result 
in early-onset, fatal neurodegenerative syndrome as reported in four patients, gain-
of-function heterozygous BSCL2 mutations located in the N-glycosylation motif 
causes distal hereditary motor neuropathy [46].

SEIPIN is a 398 amino acid transmembrane protein in the endoplasmic reticu-
lum (ER), which regulates the transport of macromolecules including proteins 
and lipids between the ER and the LD [47]. Therefore, it plays a role as a docking 
protein to regulate LD biogenesis and adipogenesis [48, 49]. Seipin, an integral 
ER membrane, participates in lipid homeostasis via various complex mechanisms. 
One of them is to assist LD assembly and fusion as well as adipocyte differentiation 
[50]. In fact, SEIPIN deficiency in mammals or its yeast ortholog Fld1p/Sei1p can 
lead to changes in LD morphology, manifested as clustering of multiple small LDs 
or supersized LDs [5]. Recently, SEIPIN/Fld1p has been found to be stabilized to 
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ER-LD contacts to assist the protein and lipid trafficking into growing LDs. SEIPIN 
strengthens the contact site between ER and LD to regulate the growth of immature 
LDs [51]. The protein might also be involved in PL and TAG synthesis by its binding 
and interaction with phosphatidic acid phosphatase lipin-1 and AGPAT2 [52, 53].

Bscl2−/− mice manifest complete loss of WAT and have most metabolic complica-
tions including hyperinsulinemia, insulin resistance, and hepatic steatosis [54–56]. 
These animals have low plasma levels of glucose and TAG compared to their wild-
type (WT) counterparts but have postprandial hypertriglyceridemia [54, 57]. 
Insulin signaling in the liver of Bscl2−/− mice was diminished after 4 h of fasting but 
improved after 16 h [57]. Knocking out Bscl2 specifically in adipose tissue causes 
the mice to have an adipocyte hypertrophy with enlarged LDs, reduced lipolysis, 
adipose tissue inflammation, progressive loss of both WAT and BAT, insulin resis-
tance, and hepatic steatosis [40].

Bscl2−/− MEFs and stromal vascular cells failed to differentiate due to uncon-
trolled lipolysis activated by cyclic AMP (cAMP)-dependent protein kinase A 
(PKA) [55, 58]. It causes loss of LDs and subsequently impaired adipogenesis 
by silencing the expression of adipose-specific transcription factors. This loss 
of function can be rescued by inhibitors of lipolysis but not by a PPARγ agonist. 
Thiazolidinediones, antidiabetic drugs, are able to restore adipogenesis but unable 
to intervene the unbridled lipolysis happening in Bscl2−/− MEFs [56]. Interestingly, 
LDs in lymphoblastoid cell lines have been reported to have an increase in numbers 
but shrinkage in size from 12 patients with CGL2 with null BSCL2 mutations [59]. 
In addition, it has been observed that there is a shift in the proportion of monoun-
saturated fatty acids to saturated fatty acids in hepatic triglycerides and phosphati-
dylethanolamine, implicating a defect in acyl-CoA desaturase activity in these cell 
lines [59].

2.3 Type 3 CGL (CGL3) and CAV1

CGL3 (OMIM #612526) is induced by mutations in the CAV1 gene located on 
chromosome 7q31. The CAV1 gene encodes caveolin-1. Kim et al. first described 
a CGL3 patient from Brazil who has a homozygous “loss of function” mutation at 
p.E38X in the CAV1 gene [60]. This patient possesses generalized lipodystrophy 
with near-total loss of metabolically active adipose tissue but preserves mechanical 
adipose tissue and fat in the bone marrow. She also manifests acanthosis nigricans, 
severe hypertriglyceridemia, hepatic steatosis and splenomegaly, short stature, 
functional megaesophagus, hypocalcaemia, primary amenorrhea, and chronic diar-
rhea. She also developed diabetes mellitus at age 13 [60]. Almost at the same time, 
Cao et al. reported a case of a typical partial lipodystrophy caused by heterozygous 
frame-shift mutation in CAV1, designated I134 fsdelA-X137 and −88deltaC [61]. 
This female patient has subcutaneous fat loss in the upper part of her body and 
face but spared her legs, gluteal region, and visceral fat stores [61]. Since 2015, two 
novel variants of CAV1 have been identified: de novo heterozygous null mutations, 
c.424C>T (p.Q142X) and c.479_480delTT (p.F160X) in a 7-year-old male and a 
3-year-old female of European origin, respectively [62]. Both of the patients have 
generalized fat loss, thin mottled skin, and progeroid features at birth [62]. The 
male patient has cataracts requiring extraction at 30 months of age, and the female 
patient has pulmonary arterial hypertension [62–64].

Caveolin-1 is the scaffolding protein primarily constituting specialized vesicular 
invaginations of 50–100 nm called caveolae [1, 36]. It was discovered by Anderson 
Lab in 1992 [65, 66]. Its potential function in vesicle transport was reported by 
Glenney using cDNA encoding caveolin-1 from lungs [67]. There are three caveolin 
isoforms: CAV1, CAV2, and CAV3. While CAV3 is muscle specific, CAV1 and CAV2 
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are predominantly expressed in adipose tissue, endothelial cells, and fibroblasts 
[68, 69]. As the main component of caveolae, caveolin-1 plays an essential role in the 
caveolae assembly alongside with other caveolar proteins, such as cavin1–cavin4, 
Pacsin2, and EH domain-containing 2 (EHD2) [70]. In addition to its essential role in 
caveolae formation, caveolin-1 is also a key determinant of normal lipid homeostasis, 
vesicular trafficking, and signaling transduction [71]. Caveolae plays a regulatory 
role in maintaining the integrity and function of the LDs as well as binding and 
transporting fatty acids and cholesterol by budding off the plasma membrane [70]. 
Moreover, they serve as a platform for augmenting insulin and PKA signaling [72]. In 
adipocyte cells, the expression of caveolin-1 is increased 10-fold during adipogenesis 
[73, 74]. The abundance level of caveolin-1 determines the PL and surface protein 
composition in LDs and the LD growth. In fact, the expression of Cav1 in adipose cell 
lines and mice leads to an increase in the density of caveolae and enhances adipo-
cytes’ capacity to have larger LDs and promote cell growth through increased glucose 
utilization [75].

Similar to caveolin-1 deficiency, lacking another caveolar protein cavin-1 in 
humans also causes another type of congenital generalized lipodystrophy (type 4 
CGL) [76–78]. Interestingly, subcutaneous injection of caveolin-1 overexpressed 
preadipocytes could form fat pads and larger adipocytes [75]. Both caveolin-1 and 
cavin-1 are the strong indicators of adipogenic differentiation in human tumors and 
liposarcoma [79]. Taken together, these data indicate the critical role of adipocyte 
caveolae in adipose tissue development.

Cav1−/− mice show complete loss of morphologically identifiable caveolae in endo-
thelial and adipose tissue [74]. Likewise, primary cells derived from Cav1−/− MEFs 
fall short of functional caveolae [74]. Cav1−/− mice have dramatically smaller fat 
pads, reduced adipocyte size, and poorly differentiated white adipose parenchyma 
than their WT littermates [80]. While the animals are hyperphagic, they are resistant 
to diet induced obesity [20, 81]. Their BAT undergoes hypertrophy [80, 82].

2.4 Type 4 CGL (CGL4) and PTRF

CGL4 (OMIM #613327) is an autosomal recessive condition caused by muta-
tions in the PTRF gene that is located on chromosome 17q21. PTRF gene encodes 
cavin-1 protein. The coincidence of generalized lipodystrophy and muscular 
dystrophy was found in some Omani patients as early as 2002 [83, 84]; however, 
the genetic basis underlies this new subtype of generalized lipodystrophy was not 
identified until 2009 [85]. CGL4 patients normally do not have severe lipodystrophy 
at birth but gradually develop progressive fat loss from infancy or early childhood 
[85]. Similar to CGL3, CGL4 subjects lose metabolically active adipose tissue but 
preserve mechanical adipose tissue and fat in bone marrow [83]. In contrast to the 
“classic” lipodystrophies, CGL4 is comprising congenital myopathy with high cir-
culating creatine kinase, smooth and skeletal muscle hypertrophy, cardiac arrhyth-
mias, osteopenia, distal metaphyseal deformation with joint stiffness, pyloric 
stenosis, atlantoaxial instability, as well as percussion-induced muscle mounding 
and local protracted muscle contractions [78, 83, 86, 87]. Since 2013, a few homo-
zygous PTRF mutations identified in CGL4 patients have been reported: c.259C>T 
(p.Gln87*) and c.481–c.482insGTGA (p.Lys161Serfs*41) in two female Turkish 
teenagers [43, 88]; c.176A>T (p.Asp59Val) and c.471G>C (p.Gln157Hisfs*52) in 
patients from Switzerland and Egypt, respectively [89]; c.550G>T (p.Glu184*) in a 
Saudi family [90]; c.947delA in child of Moroccan origin [76]; and c.696_697insC in 
a Japanese boy [91].

As mentioned before, cavin-1 interacts with caveolin proteins to form caveolae 
and to mediate cellular trafficking and lipid turnover [70, 85]. Cavin-1 can stabilize 
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caveolae and caveolin proteins probably via its interactions with cytoskeleton [20]. 
In agreement with this finding, Ptrf−/− mice do not possess morphologically detect-
able caveolae and exhibit dramatically impaired expression of all three caveolin 
isoforms [92]. Specifically, cavin-1 colocalizes with caveolin-1 in adipocytes [93]. 
Paradoxically, it is believed that PTRF deficiency, as seen with loss of CAV1, causes 
generalized lipodystrophy due to the defects in caveolar formation [1, 20]. Recently, 
Liu and Pilch have demonstrated that the insulin-induced phosphorylation of 
cavin-1 results in its translocation to the nucleus where it regulates ribosomal 
transcription [94]. Primary and cultured cavin-1-deficient adipocytes have much 
lower levels of ribosomal RNA and proteins, resulting in ribosomal stress, which in 
turn leads to fat loss over time. This caveolae-independent cavin-1 function pro-
vides a novel explanation to CGL4 phenotype [95]. PTRF also serves as a terminator 
transcription factor via its interactions with both the thyroid transcription factor 
1 (TFF-1) and RNA polymerase 1. cDNA cloning and functional characterization 
were initially reported by Jansa et al. in 1998 [94].

Ptrf−/− mice are viable with no overt change in body weight; nonetheless, they 
exhibit considerably reduced adipose tissue mass, high circulating triglyceride lev-
els, glucose intolerance, and hyperinsulinemia, phenocopying lipodystrophy as seen 
in humans [92]. Notably, there is no morphologically detectable caveolae in Ptrf−/− 
mice, due to the absence of cavin-1 protein [85, 92]. Epididymal white adipocytes 
from Ptrf−/− mice were smaller as the result of reduced triglyceride accumulation 
due to decreased fatty acid uptake and incorporation [92]. In addition, they are 
insensitive to insulin; as a result, lacked insulin-stimulated glucose transport [96]. 
Both Cav1−/− and Ptrf−/− white adipocytes are resistant to lipolytic stimulation due 
to impaired perilipin phosphorylation [72, 96]. Much as Ptrf−/− mice are resistant to 
diet-induced obesity as seen in cav1−/− mice, BAT and liver exhibited abnormal lipid 
metabolism [96].

3. Familial partial dystrophy

3.1 Type 1 FPLD (FPLD1)

Type 1 FPLD (OMIM #608600), also known as Köbberling-type lipodystrophy, 
was first reported by Köbberling et al. in 1971 [97]. The syndrome manifests loss 
of subcutaneous fat in the extremities and gluteus, with normal or increased fat 
deposition in the face, neck, and trunk [97]. The ratio of skin thickness from the 
abdomen to the thigh is significantly higher in these subjects, which can be used as 
a diagnostic method [98]. Diabetes and other metabolic complications including 
hypertension, insulin resistance, and severe hypertriglyceridemia develop during 
adulthood, with higher severity in women than men [98, 99]. Similar to other types 
of lipodystrophy, FPLD1 is an extremely rare genetic condition whose chance of 
occurrence is 1 in 15 million [6, 36]. Unfortunately, the causative loci for FPLD1 
have not been identified to unravel the underlying genetic mechanism of the 
syndrome.

3.2 Type 2 FPLD (FPLD2) and LMNA

FPLD2 (OMIM #151660) is an autosomal dominant condition that is caused by 
heterozygous mutations in the LMNA gene located on chromosome 1q21–1q22. In 
contrast to FPLD1 patients who preserve trunk fat, FPLD2 subjects suffer variable 
and progressive fat loss from the anterior abdomen and chest that occurs after 
the gradual loss of subcutaneous fat in extremities [6]. Accompanying the loss of 
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subcutaneous fat is the accumulation of intramuscular (in limbs) and intra-abdom-
inal fat [100]. Despite the similar pattern of fat loss in men and women, women are 
more prone to develop diabetes, dyslipidemia, and cardiovascular diseases [99].

Most cases of FPLD2 are caused by mutations in the lamin A/lamin C (LMNA) 
gene at the codon position 482 in exon 8 with a variety of mutations, such as 
p.R482W, p.R482Q , and p.R482L [101, 102]. Subsequently, many more missense 
mutations in LMNA have been reported including p.D230N, p.R399C, p.R439C, 
p.G465D, p.R471G, p.P485R, p.K486 N, and p.H506D [6, 103, 104]. In the past 3 
years, several novel variants of LMNA have been identified such as c.1634G>A 
(p.R545H) [105], c.1001_1003delGCC (p.S334del) [106], c.175C>CG (p.L59 V) 
[107], c.683A>T (p.E228V) [108], c.139G>A (p. D47N) [109], and c.1543A>G 
(p.K515E) [110]. Notably, mandibuloacral dysplasia type A (MADA), an autosomal 
recessive disorder, is also caused by homozygous mutations of the LMNA gene. 
Although MADA is a form of lipodystrophy, it is distinctive from FPLD2 [101].

The LMNA gene encodes proteins lamin A and lamin C in the nuclear lamina [102]. 
The lamin proteins have been shown to be able to interact with and affect other regula-
tory proteins such as chromatin and transcription factors [101]. Therefore, any defects 
in this structural protein might disrupt the formation and integrity of the nuclear 
envelope, leading to premature cell death in many tissues, including adipocytes [6, 12]. 
Recently, lamin A and lamin C have been shown to interact with sterol response 
element-binding protein 1 (SREBP1), a transcription factor for genes involved in lipid 
metabolism and adipocyte differentiation [111]. Interestingly, the overexpression of 
the R482W mutation in primary human preadipocytes and endogenous expression of 
A-type lamins R482W in fibroblasts of FPLD2 patient fibroblasts impaired the interac-
tion with SREBP1 and thus upregulate many SREBP1target genes [112]. This implies 
overexpression of SREBP1might lead to the inhibition of adipogenic in FPLD2, which 
opens a window of SREBP1-targeting therapies against FPLD2 [112].

Lmna−/− mice have been employed to study dilated cardiomyopathy and mus-
cular dystrophy [113]. In both WAT and BAT of Lmna−/− mice, rapamycin inhibits 
mTORC1 but not mTORC2, leading to the suppression of lipolysis and the restora-
tion of thermogenic uncoupling protein 1 (UCP1) levels, respectively. It indicates 
that altered mTOR signaling in Lmna−/− mice contributes to lipodystrophic pheno-
type that can be rescued with rapamycin [113].

Lamin A is maturated from pre-lamin A via multiple-step posttranslational 
modifications [114]. This process involves a cleavage reaction carried out by an 
endoplasmic reticulum membrane protease full name ZMPSTE24 located on 
chromosome 1p34 [115]. Mutations in ZMPSTE24 have been shown to cause 
mandibuloacral dysplasia type B and autosomal-dominant FPLD2, due to the lack 
of functional lamin A [116]. Nonetheless, the question as to whether there is an 
accumulation of pre-lamin A remains controversial. On the one hand, using lamin 
A/lamin C antibodies and pre-lamin A-specific monoclonal antibodies, one recent 
study has shown that fibroblasts carrying lipodystrophy-related LMNA mutations 
(R482W, I299V, C591F, T528 M) do not exhibit an accumulation of pre-lamin A as 
compared with their WT counterpart [117]. On the other hand, one prior study has 
demonstrated that the pre-lamin A level is upregulated in zmpste24−/− mice [117].

3.3 Type 3 FPLD (FPLD3) and PPRAG

FPLD3 (OMIM #151660) is caused by mutations in the PPRAG gene on chromo-
some 3p25. The PPRAG gene encodes PPARγ, a nuclear hormone receptor involved 
in glucose metabolism, adipocyte differentiation, inflammation, and carcinogenesis 
[118–126]. Importantly, PPARγ is the master transcription factor that governs 60% of 
genes involved in adipogenesis [127]. Differential RNA splicing along with alternative 
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PPARγ gives rise to different isoforms of PPARγ. While PPARγ 1 and PPARγ3 are 
ubiquitously expressed in most differentiated cells, PPARγ 2 and PPARγ 4 are strictly 
found in adipose tissue [126]. PPARγ has three functional domains: a ligand-binding 
domain (LBD), a DNA-binding domain (DBD), and an A/B domain [126]. Mutations 
in the PPARγ gene that lead to FLPD have been reported since 1999, mainly in the LBD 
and DBD [121, 126]. These mutations cause either haploinsufficiency or dysfunction in 
the normal receptor protein. It has been found that four out of seven mutations in the 
LBD result in reduced PPARγ activity [118]. For the mutations in the DBD, three out 
of six cause dysfunction in the wild-type protein [122]. In some cases, loss of function 
mutations in one of the alleles is also able to induce FLPD3 [126]. A D424N mutation 
found in two FPLD3 patients in the LBD leads to the downregulation of PPARγ-related 
transcriptional activity [124]. This loss-of-function effect can be rescued and corrected 
by the PPARγ agonist rosiglitazone [122]. In fact, treatment with 1 μmol/l or 10 μmol/l 
of rosiglitazone is able to normalize transcriptional activity of D424N PPARγ [126].

FPLD3 patients with PPARγ-induced FPLD suffer metabolic disorders including 
hypertriglyceridemia, insulin resistance with raised serum triglyceride and choles-
terol levels and raised aminotransferase, and γ-glutamyltranspeptidase activities as 
well as manifest the symptoms of FPLD including subcutaneous fat loss from the 
arms, muscular hypertrophy in the legs, and arterial hypertension while having the 
subcutaneous fat buildup in the face, chin, trunk, and abdomen [128].

3.4 Type 4 FPLD (FPLD4) and PLIN1

It has been reported that null mutations in the PLIN1 gene causes FPLD4 
(OMIM #613877). PLIN1 encodes perilipin 1 which is found in adipocytes as a LD 
surface protein [129]. Dysfunction of this protein is likely to cause FPLD4 via in 
the regulation of LDs and reduced fat mass [130]. However, a latest study using 
targeted next-generation sequencing of the PLIN1 gene from 2208 individuals has 
revealed that haploinsufficiency in PLIN1 does not result in FPLD [107].

3.5 Type 5 FPLD (FPLD5) and CIDEC

The rare FPLD5 (OMIM #615238) is caused by a homozygous nonsense muta-
tion in the LD protein cell death-inducing Dffa-like effector C (CIDEC). The FPLD5 
condition is manifested in a 19-year-old Ecuadorian girl with muscular lower limbs 
and prominent acanthosis nigricans [131]. The mutation induces a premature trun-
cation of the CIDEC protein, and thus it restricts the LD expansion [132]. In fact, 
Cidec−/− mice have a reduced fat mass and impaired white adipocyte differentiation 
with multilocular LDs [133]. They are resistant to diet-induced obesity and insulin 
resistance as seen in the patient [133]. It is deduced from the observations in this 
study that CIDEC plays an indispensable role in the LD fusion, particularly for the 
development of unilocular LDs [108].

3.6 Type 6 FPLD (FPLD6) and LIPE

Exome sequencing has revealed another novel case of FPLD6 (OMIM #615980) 
that is caused by a homozygous nonsense mutation in the LIPE gene on chromo-
some 19. LIPE gene encodes hormone-sensitive lipase (HSL). HSL plays a vital role 
in lipolysis in which TAG and DAG are hydrolyzed to fatty acids in time of energy 
need [109]. Patients with FPLD6 have reduced lipolysis, small adipocytes, insulin 
resistance, and inflammation [134]. In addition, these patients exhibit downregula-
tion of the PPARγ-induced genes in their adipose tissue, which suggests an inhibi-
tory effect on the regulation of adipogenesis. Two FPLD6 patients from Italy have 
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been reported to have mild muscular dystrophy with an increased serum creatine 
kinase level as well as other metabolic features such as dyslipidemia and diabetes 
[135]. In rodents, HSL also plays an important role in reproduction, specifically 
in male testes where it participates in steroid hormone synthesis from cholesterol 
[136]. In fact, Lipe−/− mice manifest impaired spermatogenesis, azoospermia, and 
male infertility [136].

3.7 Type 7 FPLD (FPLD7) and CAV1

FPLD7 (OMIM #606721) is also caused by the mutation in the CAV1 gene on 
chromosome 7q31. Different from the CGL3 that is caused by homozygous muta-
tion in CAV1, FPLD7 results from a heterozygous mutation in the gene. CAV1 gene 
encodes caveolin-1 [60]. Very few cases of FPLD7 have been reported in humans. 
These FPLD7 patients share common symptoms and complications of FPLD includ-
ing deficiency in subcutaneous fat, poor weight gain, development of congenital 
cataracts, insulin resistance, hyperlipidemia, and muscle weakness [62].

4. Acquired partial lipodystrophy (APL)

4.1 Barraquer-Simons syndrome

Barraquer-Simons syndrome (OMIM #608709) is named after Barraquer and 
Simons who first described the disease in the 1900s. Unlike other lipodystrophies, 
Barraquer-Simons syndrome occurs not due to inherited genetic mutations but 
normally derives from an acute viral transfection, such as measles [60]. Barraquer-
Simons syndrome is extremely rare, with approximately 250 cases that have been 
reported in the literature with a male-to-female ratio of 1:4 [137]. The syndrome 
results in loss of subcutaneous fat mainly in the upper part of the body (face, neck, 
arms, and thorax) and upper abdomen; however, some adipose tissues are pre-
served in the gluteal regions and lower extremities [138]. Fortunately, Barraquer-
Simons syndrome does not normally induce other metabolic complications such as 
insulin resistance, diabetes, and hypertriglyceridemia [137].

4.2  Highly active antiretroviral therapy (HAART)-induced lipodystrophy 
(LD-HIV)

LD-HIV can develop in some HIV-infected individuals who are undergoing anti-
retroviral therapy of more than 2 years [139]. Several cases have been reported since 
1998 [140]. The toxicity of the treatment might result from HIV-1 protease inhibi-
tors and nucleoside reverse-transcriptase inhibitors [141]. The latter ones have been 
shown to disrupt lipid metabolism and mitochondrial functions [141]. In patients 
with LD-HIV, subcutaneous fat loss occurs in the arms, legs, and face throughout 
the treatment course and does not cease after the therapy is discontinued [139]. 
Fortunately, this type of APL does not result in diabetes and insulin resistance, but 
some individuals might experience some conditions such as hypertriglyceridemia 
and coronary heart disease [139].

5. Management

Patients with lipodystrophy normally seek medical treatments toward the spe-
cific symptoms that they encounter. Since the disease affects its patients in multiple 



41

Lipodystrophy - A Rare Condition with Serious Metabolic Abnormalities
DOI: http://dx.doi.org/10.5772/intechopen.88667

aspects, care and management require a multidisciplinary team involving pediatri-
cians, surgeons, cardiologists, endocrinologists, nutritionists, and psychiatrists 
[20]. Mental health supports should also be made to patients who suffer depressions 
from the diagnosis and anxieties about their appearance [142]. In addition, special 
education might be necessary for those who have an intellectual disability [142]. 
Furthermore, such cosmetic surgery as reconstructive facial surgery and bilateral 
gluteus maximus muscle flap advance might benefit the patients in improving their 
appearance and quality of life [20].

Dietary restriction is of paramount importance in the disease management. 
Particularly, those with CGL should follow a high-carb and low-fat diet, since it can 
raise very-low-density lipoprotein (VLDL) TAG levels while alleviating chylomicro-
nemia [143]. Sufficient energy supply along with regular exercise is highly important 
in children with CGL to ensure their normal growth [20]. However, strenuous exer-
cise is not recommended for CGL4 patients who can be treated with β-adrenergic 
blockers along with other antiarrhythmic medications to prevent catecholaminergic 
polymorphic ventricular tachycardia [144]. Also, in this case, an implantable 
pacemaker or defibrillator can be quite beneficial [144]. It remains unclear whether 
patients with CGL2 and cardiomyopathy should restrict exercise [145].

The first-line therapy for diabetes mellitus, such as metformin and sulphonyl-
ureas, can be prescribed to patients with CGL [146]. The lack of subcutaneous fat in 
the abdomen and thighs might pose a potential barrier for insulin injection, and the 
patients might necessitate higher doses of insulin [147]. Furthermore, kidney dam-
age such as diabetic nephropathy and end-stage renal disease might occur in patients 
with long-standing diabetes as the result high blood glucose exposure. Treatments 
for such condition might involve hemodialysis and kidney transplantation [20].

Metreleptin can be a promising therapeutic drug in the near future as recent 
studies have shown its potency in improving metabolic complications involving 
diabetes mellitus, hypertriglyceridemia, and hepatic steatosis in CGL [146, 148–151]. 
In fact, 63% reduction in circulating levels of TAG along with 30% increase in insulin 
sensitivity, and 20% reduction in liver volume are observed in seven patients treated 
with metreleptin over the period of 4 months [20]. Three patients with CGL2 and 
two patients with CGL treated with recombinant leptin therapy in Japan during the 
treatment course of 36 months have shown ameliorated fasting glucose and TAG 
levels as well as increased insulin sensitivity [152]. Metreleptin therapy can also 
reduce symptoms of other conditions such as macroalbuminuria, microalbuminuria, 
and hyperfiltration as well as improve the balance in sex hormone profile [151, 152]. 
Patients treated with metreleptin might suffer such adverse effects as hypoglycemia, 
headache, nausea, decreased weight, and abdominal pain [153, 154]. In addition, there 
is a rare possibility that antileptin antibodies might develop severe infections [154]. 
Metreleptin therapy can reduce appetite signaled from the hypothalamus, as Agpat2−/− 
mice with selective deletion of leptin receptor do not respond to the treatment [153]. 
The use of metreleptin in combination with dietary management has been approved 
by the Food and Drug Administration in the treatment for patients with CGL and APL 
in 2014, and Japan has approved it to be an anti-lipodystrophic drug in 2013 [20].

6. Conclusions

Lipodystrophy is a rare genetic disease characterized by near-total loss or partial 
loss of body fat. The syndrome can result in an array of metabolic complications 
such as insulin resistance, type 2 diabetes, hypertriglyceridemia, and hepatic 
steatosis. The disease is managed with dietary restriction and exercise programs in 
line with the leptin therapy.



Rare Diseases

42

Author details

Long Hoa Chung and Yanfei Qi*
Centenary Institute, The University of Sydney, Sydney, Australia

*Address all correspondence to: j.qi@centenary.org.au

© 2019 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. 



43

Lipodystrophy - A Rare Condition with Serious Metabolic Abnormalities
DOI: http://dx.doi.org/10.5772/intechopen.88667

References

[1] Robbins AL, Savage DB. The 
genetics of lipid storage and human 
lipodystrophies. Trends in Molecular 
Medicine. 2015;21(7):433-438

[2] Coelho M, Oliveira T, Fernandes R. 
Biochemistry of adipose tissue: An 
endocrine organ. Archives of Medical 
Science: AMS. 2013;9(2):191-200

[3] Jo J et al. Hypertrophy and/or 
hyperplasia: Dynamics of adipose tissue 
growth. PLoS Computational Biology. 
2009;5(3):e1000324-e1000324

[4] Cohen P, Spiegelman BM. Cell 
biology of fat storage. Molecular Biology 
of the Cell. 2016;27(16):2523-2527

[5] Qi Y, Sun L, Yang H. Lipid droplet 
growth and adipocyte development: 
Mechanistically distinct processes 
connected by phospholipids. 
Biochimica et Biophysica Acta (BBA)—
Molecular and Cell Biology of Lipids. 
2017;1862(10, Part B):1273-1283

[6] Garg A. Acquired and inherited 
lipodystrophies. New England Journal 
of Medicine. 2004;350(12):1220-1234

[7] Agarwal AK et al. Phenotypic and 
genetic heterogeneity in congenital 
generalized lipodystrophy. The 
Journal of Clinical Endocrinology and 
Metabolism. 2003;88(10):4840-4847

[8] Van Maldergem L et al. Genotype-
phenotype relationships in Berardinelli-
Seip congenital lipodystrophy. Journal of 
Medical Genetics. 2002;39(10):722-733

[9] Garg A. Lipodystrophies: Genetic 
and acquired body fat disorders. The 
Journal of Clinical Endocrinology & 
Metabolism. 2011;96(11):3313-3325

[10] Brown WV et al. JCL roundtable: 
Diagnosis and clinical management 
of lipodystrophy. Journal of Clinical 
Lipidology. 2016;10(4):728-736

[11] Agarwal AK et al. AGPAT2 is 
mutated in congenital generalized 
lipodystrophy linked to chromosome 
9q34. Nature Genetics. 2002;31(1):21-23

[12] Garg A. Clinical review#: 
Lipodystrophies: Genetic and acquired 
body fat disorders. The Journal of 
Clinical Endocrinology and Metabolism. 
2011;96(11):3313-3325

[13] Haghighi A et al. Congenital 
generalized lipodystrophy: 
Identification of novel variants and 
expansion of clinical spectrum. Clinical 
Genetics. 2016;89(4):434-441

[14] Rostami P et al. AGPAT2 gene 
mutation in a child with Berardinelli-
Seip congenital lipodystrophy 
syndrome. Annales d’endocrinologie. 
2013;74(1):59-61

[15] Haghighi A et al. Identification of a 
novel nonsense mutation and a missense 
substitution in the AGPAT2 gene causing 
congenital generalized lipodystrophy 
type 1. European Journal of Medical 
Genetics. 2012;55(11):620-624

[16] Cortes VA et al. Divergent metabolic 
phenotype between two sisters with 
congenital generalized lipodystrophy 
due to double AGPAT2 homozygous 
mutations. A clinical, genetic and in 
silico study. PLoS One. 2014;9(1):e87173

[17] Nagle CA, Klett EL, Coleman RA. 
Hepatic triacylglycerol accumulation 
and insulin resistance. Journal of Lipid 
Research. 2009;50(Suppl):S74-S79

[18] West J et al. Cloning and expression 
of two human lysophosphatidic acid 
acyltransferase cDNAs that enhance 
cytokine-induced signaling responses 
in cells. DNA and Cell Biology. 
1997;16(6):691-701

[19] Gale SE et al. A regulatory role 
for 1-acylglycerol-3-phosphate-



Rare Diseases

44

O-acyltransferase 2 in adipocyte 
differentiation. The Journal of Biological 
Chemistry. 2006;281(16):11082-11089

[20] Patni N, Garg A. Congenital 
generalized lipodystrophies—New 
insights into metabolic dysfunction. 
Nature Reviews. Endocrinology. 
2015;11(9):522-534

[21] Qi Y et al. CDP-diacylglycerol 
synthases regulate the growth 
of lipid droplets and adipocyte 
development. Journal of Lipid Research. 
2016;57(5):767-780

[22] Choi SY et al. A common lipid 
links Mfn-mediated mitochondrial 
fusion and SNARE-regulated 
exocytosis. Nature Cell Biology. 
2006;8(11):1255-1262

[23] Vitale N et al. Phospholipase D1: A 
key factor for the exocytotic machinery 
in neuroendocrine cells. The EMBO 
Journal. 2001;20(10):2424-2434

[24] Paar M et al. Remodeling of lipid 
droplets during lipolysis and growth in 
adipocytes. The Journal of Biological 
Chemistry. 2012;287(14):11164-11173

[25] Moseti D, Regassa A, Kim W-K. 
Molecular regulation of adipogenesis 
and potential anti-adipogenic bioactive 
molecules. International Journal of 
Molecular Sciences. 2016;17(1):124

[26] Beigneux AP et al. Agpat6—A novel 
lipid biosynthetic gene required for 
triacylglycerol production in mammary 
epithelium. Journal of Lipid Research. 
2006;47(4):734-744

[27] Buhman KK et al. DGAT1 is not 
essential for intestinal triacylglycerol 
absorption or chylomicron synthesis. 
The Journal of Biological Chemistry. 
2002;277(28):25474-25479

[28] Hammond LE et al. Mitochondrial 
glycerol-3-phosphate acyltransferase-
deficient mice have reduced weight and 

liver triacylglycerol content and altered 
glycerolipid fatty acid composition. 
Molecular and Cellular Biology. 
2002;22(23):8204-8214

[29] Stone SJ et al. Lipopenia and skin 
barrier abnormalities in DGAT2-
deficient mice. The Journal of Biological 
Chemistry. 2004;279(12):11767-11776

[30] Vergnes L et al. Agpat6 deficiency 
causes subdermal lipodystrophy and 
resistance to obesity. The Journal of 
Lipid Research. 2006;47(4):745-754

[31] Cautivo KM et al. AGPAT2 is 
essential for postnatal development 
and maintenance of white and brown 
adipose tissue. Molecular Metabolism. 
2016;5(7):491-505

[32] Cortes VA et al. Molecular 
mechanisms of hepatic steatosis and 
insulin resistance in the AGPAT2-
deficient mouse model of congenital 
generalized lipodystrophy. Cell 
Metabolism. 2009;9(2):165-176

[33] Agarwal AK et al. Human 
1-acylglycerol-3-phosphate 
O-acyltransferase isoforms 1 and 2: 
Biochemical characterization and 
inability to rescue hepatic steatosis in 
Agpat2(-/-) gene lipodystrophic mice. 
The Journal of Biological Chemistry. 
2011;286(43):37676-37691

[34] Sankella S et al. Hepatic 
gluconeogenesis is enhanced 
by phosphatidic acid which 
remains uninhibited by insulin in 
lipodystrophic Agpat2−/− mice. The 
Journal of Biological Chemistry. 
2014;289(8):4762-4777

[35] Fernandez-Galilea M et al. 
AGPAT2 deficiency impairs 
adipogenic differentiation in primary 
cultured preadipocytes in a non-
autophagy or apoptosis dependent 
mechanism. Biochemical and 
Biophysical Research Communications. 
2015;467(1):39-45



45

Lipodystrophy - A Rare Condition with Serious Metabolic Abnormalities
DOI: http://dx.doi.org/10.5772/intechopen.88667

[36] Nolis T. Exploring the 
pathophysiology behind the more 
common genetic and acquired 
lipodystrophies. Journal of Human 
Genetics. 2014;59(1):16-23

[37] Subauste AR et al. Alterations in 
lipid signaling underlie lipodystrophy 
secondary to AGPAT2 mutations. 
Diabetes. 2012;61(11):2922-2931

[38] Cortes VA et al. Leptin ameliorates 
insulin resistance and hepatic steatosis 
in Agpat2−/− lipodystrophic mice 
independent of hepatocyte leptin 
receptors. Journal of Lipid Research. 
2014;55(2):276-288

[39] Magré J et al. Identification of 
the gene altered in Berardinelli-
Seip congenital lipodystrophy on 
chromosome 11q13. Nature Genetics. 
2001;28(4):365-370

[40] Liu L et al. Adipose-specific 
knockout of SEIPIN/BSCL2 results in 
progressive lipodystrophy. Diabetes. 
2014;63(7):2320

[41] Simha V, Garg A. Phenotypic 
heterogeneity in body fat distribution 
in patients with congenital generalized 
lipodystrophy caused by mutations 
in the AGPAT2 or seipin genes. The 
Journal of Clinical Endocrinology and 
Metabolism. 2003;88(11):5433-5437

[42] Haque WA et al. Serum adiponectin 
and leptin levels in patients with 
lipodystrophies. The Journal of 
Clinical Endocrinology & Metabolism. 
2002;87(5):2395-2398

[43] Akinci B et al. Natural history of 
congenital generalized lipodystrophy: 
A nationwide study from Turkey. The 
Journal of Clinical Endocrinology and 
Metabolism. 2016;101(7):2759-2767

[44] Lungu AO et al. Insulin resistance is 
a sufficient basis for hyperandrogenism 
in lipodystrophic women with 
polycystic ovarian syndrome. The 

Journal of Clinical Endocrinology and 
Metabolism. 2012;97(2):563-567

[45] Schuster J et al. Exome sequencing 
circumvents missing clinical data 
and identifies a BSCL2 mutation in 
congenital lipodystrophy. BMC Medical 
Genetics. 2014;15:71

[46] Windpassinger C et al. Heterozygous 
missense mutations in BSCL2 are 
associated with distal hereditary motor 
neuropathy and Silver syndrome. Nature 
Genetics. 2004;36(3):271-276

[47] Agarwal AK, Garg A. Seipin: A 
mysterious protein. Trends in Molecular 
Medicine. 2004;10(9):440-444

[48] Yang WL et al. BSCL2/seipin 
regulates adipogenesis through actin 
cytoskeleton remodelling. Human 
Molecular Genetics. 2014;23(2):502-513

[49] Cartwright BR et al. Seipin performs 
dissectible functions in promoting 
lipid droplet biogenesis and regulating 
droplet morphology. Molecular Biology 
of the Cell. 2015;26(4):726-739

[50] Szymanski KM et al. The 
lipodystrophy protein seipin is found 
at endoplasmic reticulum lipid 
droplet junctions and is important 
for droplet morphology. Proceedings 
of the National Academy of Sciences 
of the United States of America. 
2007;104(52):20890-20895

[51] Salo VT et al. Seipin regulates 
ER-lipid droplet contacts and 
cargo delivery. The EMBO Journal. 
2016;35(24):2699-2716

[52] Talukder MMU et al. Seipin oligomers 
can interact directly with AGPAT2 and 
lipin 1, physically scaffolding critical 
regulators of adipogenesis. Molecular 
Metabolism. 2015;4(3):199-209

[53] Sim MFM et al. Analysis of 
naturally occurring mutations in 
the human lipodystrophy protein 



Rare Diseases

46

seipin reveals multiple potential 
pathogenic mechanisms. Diabetologia. 
2013;56(11):2498-2506

[54] Cui X et al. Seipin ablation in 
mice results in severe generalized 
lipodystrophy. Human Molecular 
Genetics. 2011;20(15):3022-3030

[55] Chen W et al. Altered lipid 
metabolism in residual white adipose 
tissues of Bscl2 deficient mice. PLoS 
One. 2013;8(12):e82526

[56] Prieur X et al. Thiazolidinediones 
partially reverse the metabolic 
disturbances observed in Bscl2/
seipin-deficient mice. Diabetologia. 
2013;56(8):1813-1825

[57] Chen W et al. Molecular 
mechanisms underlying fasting 
modulated liver insulin sensitivity and 
metabolism in male lipodystrophic 
Bscl2/Seipin-deficient mice. 
Endocrinology. 2014;155(11):4215-4225

[58] Chen W et al. Berardinelli-seip 
congenital lipodystrophy 2/seipin is a 
cell-autonomous regulator of lipolysis 
essential for adipocyte differentiation. 
Molecular and Cellular Biology. 
2012;32(6):1099-1111

[59] Boutet E et al. Seipin deficiency 
alters fatty acid Δ9 desaturation and 
lipid droplet formation in Berardinelli-
Seip congenital lipodystrophy. 
Biochimie. 2009;91(6):796-803

[60] Kim CA et al. Association of a 
homozygous nonsense caveolin-1 
mutation with Berardinelli-Seip 
congenital lipodystrophy. The Journal of 
Clinical Endocrinology and Metabolism. 
2008;93(4):1129-1134

[61] Cao H et al. Heterozygous 
CAV1 frameshift mutations 
(MIM 601047) in patients with 
atypical partial lipodystrophy and 
hypertriglyceridemia. Lipids in Health 
and Disease. 2008;7:3

[62] Garg A et al. Whole exome 
sequencing identifies de novo 
heterozygous CAV1 mutations 
associated with a novel neonatal onset 
lipodystrophy syndrome. American 
Journal of Medical Genetics. Part A. 
2015;167A(8):1796-1806

[63] Schrauwen I et al. A frame-shift 
mutation in CAV1 is associated with 
a severe neonatal progeroid and 
lipodystrophy syndrome. PLoS One. 
2015;10(7):e0131797

[64] Han B et al. Characterization 
of a caveolin-1 mutation associated 
with both pulmonary arterial 
hypertension and congenital 
generalized lipodystrophy. Traffic. 
2016;17(12):1297-1312

[65] Rothberg KG et al. Caveolin, 
a protein component of 
caveolae membrane coats. Cell. 
1992;68(4):673-682

[66] Brown MS, Goldstein JL. 
Richard G.W. Anderson (1940-2011) 
and the birth of receptor-mediated 
endocytosis. The Journal of Cell Biology. 
2011;193(4):601-603

[67] Glenney JR Jr. The sequence of 
human caveolin reveals identity with 
VIP21, a component of transport 
vesicles. FEBS Letters. 1992;314(1):45-48

[68] Williams TM, Lisanti MP. The 
caveolin proteins. Genome Biology. 
2004;5(3):214-214

[69] Stan RV. Structure of caveolae. 
Biochimica et Biophysica Acta 
(BBA)—Molecular. Cell Research. 
2005;1746(3):334-348

[70] Shvets E, Ludwig A, Nichols BJ. News 
from the caves: Update on the structure 
and function of caveolae. Current 
Opinion in Cell Biology. 2014;29:99-106

[71] Fridolfsson HN et al. Regulation 
of intracellular signaling and 



47

Lipodystrophy - A Rare Condition with Serious Metabolic Abnormalities
DOI: http://dx.doi.org/10.5772/intechopen.88667

function by caveolin. FASEB Journal. 
2014;28(9):3823-3831

[72] Cohen AW et al. Role of caveolin-1 
in the modulation of lipolysis and 
lipid droplet formation. Diabetes. 
2004;53(5):1261-1270

[73] Parton RG, del Pozo MA. Caveolae 
as plasma membrane sensors, 
protectors and organizers. Nature 
Reviews Molecular Cell Biology. 
2013;14(2):98-112

[74] Razani B, Lisanti MP. Caveolin-
deficient mice: Insights into caveolar 
function human disease. The 
Journal of Clinical Investigation. 
2001;108(11):1553-1561

[75] Briand N et al. Caveolin-1 
expression and cavin stability regulate 
caveolae dynamics in adipocyte 
lipid store fluctuation. Diabetes. 
2014;63(12):4032-4044

[76] Ardissone A et al. Novel PTRF 
mutation in a child with mild myopathy 
and very mild congenital lipodystrophy. 
BMC Medical Genetics. 2013;14:89

[77] Dwianingsih EK et al. A Japanese 
child with asymptomatic elevation of 
serum creatine kinase shows PTRF-
CAVIN mutation matching with 
congenital generalized lipodystrophy 
type 4. Molecular Genetics and 
Metabolism. 2010;101(2-3):233-237

[78] Rajab A et al. Fatal cardiac 
arrhythmia and long-QT syndrome 
in a new form of congenital 
generalized lipodystrophy with 
muscle rippling (CGL4) due to PTRF-
CAVIN mutations. PLoS Genetics. 
2010;6(3):e1000874

[79] Codenotti S et al. Caveolin-1, 
Caveolin-2 and Cavin-1 are strong 
predictors of adipogenic differentiation 
in human tumors and cell lines of 
liposarcoma. European Journal of Cell 
Biology. 2016;95(8):252-264

[80] Zhao Y-Y et al. Persistent eNOS 
activation secondary to caveolin-1 
deficiency induces pulmonary 
hypertension in mice and humans 
through PKG nitration. The 
Journal of Clinical Investigation. 
2009;119(7):2009-2018

[81] Asterholm IW et al. Altered 
mitochondrial function and metabolic 
inflexibility associated with loss 
of caveolin-1. Cell Metabolism. 
2012;15(2):171-185

[82] Martin S et al. Caveolin-1 deficiency 
leads to increased susceptibility 
to cell death and fibrosis in white 
adipose tissue: Characterization of 
a lipodystrophic model. PLoS One. 
2012;7(9):e46242

[83] Rajab A et al. Heterogeneity for 
congenital generalized lipodystrophy 
in seventeen patients from Oman. 
American Journal of Medical Genetics. 
2002;110(3):219-225

[84] Heathcote K et al. Molecular 
analysis of Berardinelli-Seip 
congenital lipodystrophy in Oman: 
Evidence for multiple loci. Diabetes. 
2002;51(4):1291-1293

[85] Hayashi YK et al. Human 
PTRF mutations cause secondary 
deficiency of caveolins resulting in 
muscular dystrophy with generalized 
lipodystrophy. The Journal of Clinical 
Investigation. 2009;119(9):2623-2633

[86] Simha V et al. Novel subtype of 
congenital generalized lipodystrophy 
associated with muscular weakness and 
cervical spine instability. American 
Journal of Medical Genetics. Part A. 
2008;146A(18):2318-2326

[87] Shastry S et al. Congenital 
generalized lipodystrophy, type 4 
(CGL4) associated with myopathy due 
to novel PTRF mutations. American 
Journal of Medical Genetics. Part A. 
2010;152A(9):2245-2253



Rare Diseases

48

[88] Akinci G et al. Spectrum of 
clinical manifestations in two young 
Turkish patients with congenital 
generalized lipodystrophy type 4. 
European Journal of Medical Genetics. 
2016;59(6-7):320-324

[89] Salle-Teyssieres L et al. Maladaptative 
autophagy impairs adipose function in 
congenital generalized ipodystrophy due 
to Cavin-1 Deficiency. The Journal of 
Clinical Endocrinology and Metabolism. 
2016;101(7):2892-2904

[90] Jelani M et al. Novel nonsense 
mutation in the PTRF gene underlies 
congenital generalized lipodystrophy 
in a consanguineous Saudi family. 
European Journal of Medical Genetics. 
2015;58(4):216-221

[91] Murakami N et al. Congenital 
generalized lipodystrophy type 4 with 
muscular dystrophy: Clinical and 
pathological manifestations in early 
childhood. Neuromuscular Disorders. 
2013;23(5):441-444

[92] Liu L et al. Deletion of Cavin/
PTRF causes global loss of caveolae, 
dyslipidemia, and glucose intolerance. 
Cell Metabolism. 2008;8(4):310-317

[93] Liu L, Pilch PF. A critical role of 
cavin (polymerase I and transcript 
release factor) in caveolae formation and 
organization. The Journal of Biological 
Chemistry. 2008;283(7):4314-4322

[94] Jansa P et al. Cloning and functional 
characterization of PTRF, a novel 
protein which induces dissociation 
of paused ternary transcription 
complexes. The EMBO Journal. 
1998;17(10):2855-2864

[95] Liu L, Pilch PF. PTRF/Cavin-1 
promotes efficient ribosomal RNA 
transcription in response to metabolic 
challenges. Elife. 2016;5:e17508

[96] Ding SY et al. Pleiotropic effects of 
cavin-1 deficiency on lipid metabolism. 

The Journal of Biological Chemistry. 
2014;289(12):8473-8483

[97] Kobberling J, Dunnigan MG. 
Familial partial lipodystrophy: Two 
types of an X linked dominant 
syndrome, lethal in the hemizygous 
state. Journal of Medical Genetics. 
1986;23(2):120-127

[98] Herbst KL et al. Kobberling type 
of familial partial lipodystrophy: An 
underrecognized syndrome. Diabetes 
Care. 2003;26(6):1819-1824

[99] Garg A. Gender differences in the 
prevalence of metabolic complications 
in familial partial lipodystrophy 
(Dunnigan variety). The Journal of 
Clinical Endocrinology and Metabolism. 
2000;85(5):1776-1782

[100] Garg A, Peshock RM, 
Fleckenstein JL. Adipose tissue 
distribution pattern in patients 
with familial partial lipodystrophy 
(Dunnigan variety). The Journal of 
Clinical Endocrinology and Metabolism. 
1999;84(1):170-174

[101] Shackleton S et al. LMNA, 
encoding lamin A/C, is mutated in 
partial lipodystrophy. Nature Genetics. 
2000;24(2):153-156

[102] Cao H, Hegele RA. Nuclear lamin 
A/C R482Q mutation in canadian 
kindreds with Dunnigan-type familial 
partial lipodystrophy. Human Molecular 
Genetics. 2000;9(1):109-112

[103] Scharner J et al. Mapping disease-
related missense mutations in the 
immunoglobulin-like fold domain of 
lamin A/C reveals novel genotype-
phenotype associations for laminopathies. 
Proteins. 2014;82(6):904-915

[104] Lanktree M et al. Novel LMNA 
mutations seen in patients with familial 
partial lipodystrophy subtype 2 (FPLD2; 
MIM 151660). Clinical Genetics. 
2007;71(2):183-186



49

Lipodystrophy - A Rare Condition with Serious Metabolic Abnormalities
DOI: http://dx.doi.org/10.5772/intechopen.88667

[105] Chan D et al. Familial partial 
lipodystrophy presenting as metabolic 
syndrome. Journal of Clinical 
Lipidology. 2016;10(6):1488-1491

[106] Madej-Pilarczyk A et al. Limb-
girdle muscular dystrophy with 
severe heart failure overlapping with 
lipodystrophy in a patient with LMNA 
mutation p.Ser334del. Journal of 
Applied Genetics. 2017;58(1):87-91

[107] Guo X et al. A case of novel 
Lamin A/C mutation manifesting 
as atypical progeroid syndrome and 
cardiomyopathy. Canadian Journal of 
Cardiology. 2016;32(9):1166, e1129-e1131

[108] Ambrosi P et al. A novel 
overlapping phenotype characterized 
by lipodystrophy, mandibular dysplasia, 
and dilated cardiomyopathy associated 
with a new mutation in the LMNA gene. 
International Journal of Cardiology. 
2016;209:317-318

[109] Kutbay NO et al. A case of familial 
partial lipodystrophy caused by a novel 
lamin A/C (LMNA) mutation in exon 1 
(D47N). European Journal of Internal 
Medicine. 2016;29:37-39

[110] Chirico V et al. LMNA gene 
mutation as a model of cardiometabolic 
dysfunction: From genetic analysis 
to treatment response. Diabetes and 
Metabolism. 2014;40(3):224-228

[111] Lloyd DJ, Trembath RC, 
Shackleton S. A novel interaction 
between lamin A and SREBP1: 
Implications for partial lipodystrophy 
and other laminopathies. Human 
Molecular Genetics. 2002;11(7):769-777

[112] Vadrot N et al. The p.R482W 
substitution in A-type lamins deregulates 
SREBP1 activity in Dunnigan-type 
familial partial lipodystrophy. Human 
Molecular Genetics. 2015;24(7):2096-2109

[113] Liao CY et al. Rapamycin 
reverses metabolic deficits in Lamin 

A/C-deficient mice. Cell Reports. 
2016;17(10):2542-2552

[114] Davies BSJ et al. The 
posttranslational processing of 
prelamin A and disease. Annual Review 
of Genomics and Human Genetics. 
2009;10:153-174

[115] Lucas-Herald AK et al. Proteomic 
evidence of biological aging in a 
child with a compound heterozygous 
ZMPSTE24 mutation. Proteomics - 
Clinical Applications. 2019;13(2):e18001
35-e1800135

[116] Novelli G et al. Mandibuloacral 
dysplasia is caused by a mutation 
in LMNA-encoding lamin A/C. 
American Journal of Human Genetics. 
2002;71(2):426-431

[117] Tu Y et al. LMNA missense 
mutations causing familial partial 
lipodystrophy do not lead to an 
accumulation of prelamin A. Nucleus. 
2016;7(5):512-521

[118] Barroso I et al. Dominant negative 
mutations in human PPARγ associated 
with severe insulin resistance, diabetes 
mellitus and hypertension. Nature. 
1999;402(6764):880-883

[119] Agarwal AK, Garg A. A novel 
heterozygous mutation in peroxisome 
proliferator-activated receptor-γ 
gene in a patient with familial partial 
lipodystrophy. The Journal of Clinical 
Endocrinology and Metabolism. 
2002;87(1):408

[120] Hegele RA et al. PPARG F388L, 
a transactivation-deficient mutant, in 
familial partial lipodystrophy. Diabetes. 
2002;51(12):3586

[121] Al-Shali K et al. A single-
base mutation in the peroxisome 
proliferator-activated receptor γ4 
promoter associated with altered 
in vitro expression and partial 
lipodystrophy. The Journal of Clinical 



Rare Diseases

50

Endocrinology and Metabolism. 
2004;89(11):5655-5660

[122] Agostini M et al. Non-DNA 
binding, dominant-negative, human 
PPARγ mutations cause lipodystrophic 
insulin resistance. Cell Metabolism. 
2006;4(4):303-311

[123] Francis GA et al. Peroxisomal 
proliferator activated receptor-gamma 
deficiency in a Canadian kindred with 
familial partial lipodystrophy type 
3 (FPLD3). BMC Medical Genetics. 
2006;7:3

[124] Hegele RA et al. A frameshift 
mutation in peroxisome-proliferator-
activated receptor-γ in familial partial 
lipodystrophy subtype 3 (FPLD3; 
MIM 604367). Clinical Genetics. 
2006;70(4):360-362

[125] Monajemi H et al. Familial partial 
lipodystrophy phenotype resulting 
from a single-base mutation in 
deoxyribonucleic acid-binding domain 
of peroxisome proliferator-activated 
receptor-γ. The Journal of Clinical 
Endocrinology and Metabolism. 
2007;92(5):1606-1612

[126] Lüdtke A et al. New PPARG 
mutation leads to lipodystrophy and 
loss of protein function that is partially 
restored by a synthetic ligand. Journal of 
Medical Genetics. 2007;44(9):e88

[127] Lefterova MI et al. PPARgamma 
and C/EBP factors orchestrate 
adipocyte biology via adjacent binding 
on a genome-wide scale. Genes and 
Development. 2008;22(21):2941-2952

[128] Al-Attar SA et al. Quantitative and 
qualitative differences in subcutaneous 
adipose tissue stores across 
lipodystrophy types shown by magnetic 
resonance imaging. BMC Medical 
Imaging. 2007;7:3

[129] Itabe H et al. Perilipins: A 
diversity of intracellular lipid droplet 

proteins. Lipids in Health and Disease. 
2017;16(1):83

[130] Kozusko K et al. Clinical and 
molecular characterization of a novel 
PLIN1 frameshift mutation identified 
in patients with familial partial 
lipodystrophy. Diabetes. 2015;64(1):299

[131] Rubio-Cabezas O et al. 
Partial lipodystrophy and insulin 
resistant diabetes in a patient with a 
homozygous nonsense mutation in 
CIDEC. EMBO Molecular Medicine. 
2009;1(5):280-287

[132] Keller P et al. Fat-specific protein 
27 regulates storage of triacylglycerol. 
The Journal of Biological Chemistry. 
2008;283(21):14355-14365

[133] Nishino N et al. FSP27 contributes 
to efficient energy storage in murine 
white adipocytes by promoting the 
formation of unilocular lipid droplets. 
The Journal of Clinical Investigation. 
2008;118(8):2808-2821

[134] Albert JS et al. Null mutation in 
hormone-sensitive lipase gene and risk 
of type 2 diabetes. New England Journal 
of Medicine. 2014;370(24):2307-2315

[135] Zolotov S et al. Homozygous LIPE 
mutation in siblings with multiple 
symmetric lipomatosis, partial 
lipodystrophy, and myopathy. American 
Journal of Medical Genetics. Part A. 
2017;173(1):190-194

[136] Wang F et al. Hormone-sensitive 
lipase deficiency alters gene expression 
and cholesterol content of mouse testis. 
Reproduction (Cambridge, England). 
2016;153(2):175-185

[137] Oliveira J et al. Barraquer-Simons 
syndrome: A rare form of acquired 
lipodystrophy. BMC Research Notes. 
2016;9:175

[138] Ferrarini A et al. Two new cases of 
Barraquer–Simons syndrome. American 



51

Lipodystrophy - A Rare Condition with Serious Metabolic Abnormalities
DOI: http://dx.doi.org/10.5772/intechopen.88667

Journal of Medical Genetics Part A. 
2004;126A(4):427-429

[139] Martínez E et al. Risk of 
lipodystrophy in HIV-1-infected 
patients treated with protease inhibitors: 
A prospective cohort study. The Lancet. 
2001;357(9256):592-598

[140] Martínez E, Gatell JM. 
Metabolic abnormalities and body 
fat redistribution in HIV-1 infected 
patients: The lipodystrophy syndrome. 
Current Opinion in Infectious Diseases. 
1999;12(1):13-19

[141] Carr A et al. Pathogenesis of HIV-1-
protease inhibitor-associated peripheral 
lipodystrophy, hyperlipidaemia, 
and insulin resistance. The Lancet. 
1998;351(9119):1881-1883

[142] Okada E, Iwahira Y, Maruyama Y. 
Buttock deformity repair for congenital 
generalized lipodystrophy. Plastic 
and Reconstructive Surgery. 
1995;95(4):744-746

[143] Handelsman Y et al. The 
clinical approach to the detection of 
lipodystrophy—An AACE consensus 
statement. Endocrine Practice. 
2013;19(1):107-116

[144] Napolitano C, Priori SG. Diagnosis 
and treatment of catecholaminergic 
polymorphic ventricular tachycardia. 
Heart Rhythm. 2007;4(5):675-678

[145] Simha V, Garg A. Inherited 
lipodystrophies and hypertriglyceridemia. 
Current Opinion in Lipidology. 
2009;20(4):300-308

[146] Chan JL, Oral EA. Clinical 
classification and treatment 
of congenital and acquired 
lipodystrophy. Endocrine Practice. 
2010;16(2):310-323

[147] McNally M et al. Successful 
renal transplantation in a patient with 
congenital generalized lipodystrophy: 

A case report. American Journal of 
Transplantation. 2004;4(3):447-449

[148] Oral EA et al. Leptin-replacement 
therapy for lipodystrophy. New 
England Journal of Medicine. 
2002;346(8):570-578

[149] Araujo-Vilar D et al. Recombinant 
human leptin treatment in genetic 
lipodystrophic syndromes: The long-
term Spanish experience. Endocrine. 
2015;49(1):139-147

[150] Chan JL et al. Clinical effects of 
long-term metreleptin treatment in 
patients with lipodystrophy. Endocrine 
Practice. 2011;17(6):922-932

[151] Safar Zadeh E et al. The liver 
diseases of lipodystrophy: The long-
term effect of leptin treatment. Journal 
of Hepatology. 2013;59(1):131-137

[152] Ebihara K et al. Efficacy and safety 
of leptin-replacement therapy and 
possible mechanisms of leptin actions in 
patients with generalized lipodystrophy. 
The Journal of Clinical Endocrinology 
and Metabolism. 2007;92(2):532-541

[153] Cortés VA et al. Leptin ameliorates 
insulin resistance and hepatic steatosis 
in Agpat2−/− lipodystrophic mice 
independent of hepatocyte leptin 
receptors. Journal of Lipid Research. 
2014;55(2):276-288

[154] Oral EA, Chan JL. Rationale for 
leptin-replacement therapy for severe 
lipodystrophy. Endocrine Practice. 
2010;16(2):324-333





53

Chapter 4

Bilateral Abductor Palsy in 
Neonates
Bigyan Raj Gyawali

Abstract

Paediatric airway compared to the adult has a considerable anatomical and 
physiological difference. Airway pathologies in neonates are very challenging in 
terms of diagnosis and management. Bilateral abductor paralysis is one of such 
situations. Despite being the second most common cause of stridor in paediatric 
population, the disease is still rare. Having a huge range of aetiological variations 
on one hand and the grievousness of pathology on the other, management of the 
disease is very challenging at times. Here, we present a review on various aetiologi-
cal factors along with management of the disease.

Keywords: paediatric, airway, vocal fold, stridor, paralysis

1. Introduction

Airway pathologies in neonates are very challenging. Considering a wide varia-
tion in the anatomy and physiology compared to the adults, clinical approach to this 
population is entirely different.

Bilateral abductor paralysis means the failure of vocal cords to abduct resulting 
from denervation of recurrent laryngeal branch of vagus nerve. Although being 
a second most common cause of stridor in paediatric population, it is still a rare 
entity. The incidence in neonates is estimated to be 0.75 cases per million births per 
year [1]. There is no definite sex predilection. With no single definable cause and 
being a common presentation of wide range of pathologies, for example, congeni-
tal, neurological, traumatic etc., this is a topic that has to be critically explored.

2. Anatomy

2.1 Laryngeal framework

Paediatric airway differs considerably from adult airway. Location of the larynx 
in the neonates is high up in the neck opposite to cervical third and fourth vertebra 
which gradually descends down with age. Thyrohyoid membrane is short compared 
to the adult; thus, the thyroid notch lies either posterior or just inferior to the hyoid 
bone. Subglottis is the narrowest part of the larynx in neonates and the abundance 
of soft tissue in the subglottis and supraglottis make them vulnerable to swelling 
during inflammation. In the glottis, arytenoids make up the 50% of antero-poste-
rior length and the vocal cords, next 50%.
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2.2 Laryngeal musculature

Larynx comprises of two groups of muscles: intrinsic and extrinsic. Intrinsic 
muscles are usually responsible for various movements of vocal cords. Posterior 
cricoarytenoid is the only muscle of the larynx that abducts the vocal cords. Lateral 
cricoarytenoid and interarytenoid muscles act as adductor of the vocal cord. 
Thyroarytenoid and cricothyroid muscles act as tensor of the vocal cords.

2.3 Nerve supply

Both sensory and motor supplies to larynx come from vagus nerve via superior 
and recurrent laryngeal nerve. All the muscles of the larynx are supplied by recur-
rent laryngeal nerve except for the cricothyroid, which is supplied by the external 
branch of superior laryngeal nerve. Sensory supply of the supraglottis and glottis 
is provided by the internal branch of superior laryngeal nerve, and the subglottis is 
provided by recurrent laryngeal nerve.

The abductor fibers in the recurrent laryngeal nerve are phylogenetically newer 
compared to the adductor fibers and occupy the periphery of the nerve. This makes 
them more vulnerable to injury from any organic lesion (Semon’s law).

3. Aetiology

3.1 Congenital causes

Congenital bilateral abductor palsy may present immediately or within few days 
of birth. Child may present with stridor, weak cry, cyanosis, or difficulty in feeding. 
Aetiological factors can be broadly classified into genetic or nongenetic.

3.1.1 Genetic

Bilateral abductor palsy presenting with the genetic etiology is very rare. 
Presentation may be with an isolated paralysis of vocal folds or as a spectrum of 
various clinical features. Plott syndrome, described by Plott in 1964 [2], is a rare 
entity demonstrating X-linked recessive inheritance. Patients usually present with 
bilateral vocal fold paralysis and mental retardation. Autosomal dominant mode 
of inheritance has also been reported [3–5]. Other syndromic associations may 
be Down’s syndrome, Moebius syndrome, congenital myasthenic syndrome, 22q 
deletion syndrome and Goldenhar syndrome [6]. Rarely, it may be an isolated 
presentation of brainstem discontinuity, for example, medullary defect. This is 
a very rare congenital abnormality where there is a segmental discontinuity of 
brainstem [7].

3.1.2 Nongenetic

Several developmental anomalies of brain and brainstem may secondarily pres-
ent with bilateral abductor palsy. Arnold Chiari malformation, congenital hydro-
cephalus, meningomyelocele, syringomyelia, syringobulbia, etc. are such examples.

3.2 Acquired causes

Various etiological factors have been mentioned in the literatures so far. 
Following are the common acquired causes for bilateral abductor palsy.
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3.2.1 Idiopathic

In majority of cases with bilateral vocal fold palsy, no aetiological factors can be 
found. However, 50% these patients tend to recover completely or partially within 
a period of 1–2 years. The improvement is thought to be a result of delayed matura-
tion of vagal nuclei [8].

3.2.2 Traumatic

Trauma either to the vocal cords and cricoarytenoid joint or to the vagus nerve 
itself can present with bilateral abductor palsy in neonates. Commonest causes are 
birth trauma from instrumental delivery, cardiac surgeries, mediastinal surgeries, 
for example, PDA ligation, etc.

3.2.3 Perinatal encephalopathy

This is another recognized cause for bilateral abductor palsy in neonatal period. 
It can result from various causes like perinatal hypoxia or ischaemia, birth trauma 
or infection.

3.2.4 Neurological disorders

Various neurological disorders like Myasthenia Gravis, Charcot-Marie tooth 
Disease and multiple sclerosis can present with bilateral vocal cord paralysis; how-
ever, there are features of other neurological dysfunctions as well. These conditions 
to present neonatally are also exceedingly rare.

3.2.5 Inflammatory

Neuritis of recurrent laryngeal nerve resulting from bacterial or viral infections 
can cause bilateral abductor palsy. In the pre-antibiotic era, Syphilis was consid-
ered one of the common causes, which now has become very rare. Viruses such as 
Influenza and Herpes Simplex virus are also reported of causing bilateral abductor 
palsy [9].

4. Clinical evaluation

A detailed history and a thorough clinical examination will most of the times 
lead to the inciting cause. Clinical history should focus on any significant perinatal 
events like maternal infection, maternal drug use, time and mode of delivery, 
instrumentation during labour, birth weight and neonatal infection. A family his-
tory should be taken as there are reported cases of this entity being inherited within 
the family members.

A complete head to toe examination of the affected child should always be done 
as there may be signs that can guide towards the aetiological cause. Neurological 
examination should include motor and sensory evaluation along with examination 
of cranial nerves specially 9th, 10th and 11th which exit commonly through the 
jugular foramen. Features of raised ICP such as bulged fontanelle, papilloedema 
should be sought. Chest and heart should be examined thoroughly. ENT examina-
tion should focus on palatal mobility, tongue mobility and presence of gag reflex.

The child may have a wide range of presentations. Most of the cases are asymp-
tomatic until they present with sudden onset stridor preceded by upper respiratory 
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tract infections. Other cases might present with stridor immediately following birth 
or few days after birth. Stridor is usually during the inspiratory phase and tends 
to worsen on crying where it is not unusual for a child to become cyanotic. Since 
the vocal folds are in adducted position change in voice is usually not encountered. 
Other clinical features may be difficulty in feeding, recurrent pneumonia, O2 
dependence and repeated failure to extubate. Although nonspecific, these clinical 
features always warrant a laryngeal evaluation.

5. Investigations

5.1 Endoscopic evaluation

An in-office flexible laryngoscopy can be done as an initial diagnostic procedure 
to evaluate the mobility of bilateral vocal folds, adequacy of glottic chink and to rule 
out other associated laryngeal anomalies such as laryngomalacia, laryngeal cleft, 
anterior or posterior glottic stenosis, etc. In addition, it is also important to look for 
velopharyngeal closure. Functional endoscopic evaluation of swallowing should be 
done in those who have recurrent aspiration. A rigid endoscopic evaluation under 
intravenous anaesthesia will also be required to assess the subglottis, trachea and 
bronchi as it is not uncommon to encounter second laryngeal pathology such as 
subglottic stenosis and tracheobronchomalacia. Cricoarytenoid joint should also be 
assessed for its mobility and to rule out any traumatic dislocation.

5.2 Imaging

5.2.1 Ultrasonography

Ultrasound can detect the neurological abnormalities like meningomyelocele, 
Arnold Chiari malformation, hydrocephalus prenatally which can have associated 
bilateral abductor palsy. In neonates with significant morbidity, laryngeal ultra-
sound can also be done to detect vocal fold palsy and any associated pathologies in 
the neck [10].

5.2.2 Magnetic resonance imaging

MRI scan of brain, brainstem, neck and mediastinum should be done routinely 
as pathologies like Arnold Chiari malformation, intraventricular hemorrhage, 
meningomyelocele, brainstem dysgenesis, neck or mediastinal masses can be identi-
fied easily.

5.2.3 X-ray

Chest x-ray can give the evidence of aspiration if present as well as any associ-
ated cardiac, lungs or mediastinal pathologies.

5.3 Serology

Cases where there are features of viral infection, viral serology should always be 
done specially for Herpes Simplex and Influenza virus. Anti-viral drugs if started 
early have good outcome in these cases. Also, serological tests for syphilis may be 
warranted if there are features of congenital syphilis.
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5.4 Laryngeal electromyography

It is usually done to differentiate between vocal cord immobility due to dener-
vation and mechanical fixation, for example, cricoarytenoid joint fixation and 
posterior glottis stenosis.

6. Management

Primary pathology should always be sought and managed accordingly as in 
most of the cases correcting the primary pathology reverts the mobility of vocal 
folds as well, for example in Arnold-Chiari malformation a shunt procedure may 
lower the intracranial pressure and thus reduce the stretching of the vagus nerve. 
In idiopathic cases, where no obvious inciting pathology could be found a watchful 
waiting up to 24 months can be done. Many of these cases gain normal or partial 
mobility of the cords during this period.

Most of the neonates with bilateral abductor palsy are asymptomatic until they 
present with an acute respiratory compromise due to upper respiratory tract infec-
tion. Management can be broadly discussed under following two headings.

6.1 Medical

It has a very limited role in the management. Corticosteroids can be given in 
cases presenting with stridor to reduce vocal cord oedema. Antivirals, for example, 
Acyclovir, have shown to hasten the recovery in cases with suspected viral 
aetiology.

6.2 Surgical management

There has been a huge advancement in the field of airway surgery in the past 
century with various surgical modalities coming forth. Here, we discuss various 
surgical treatment modalities for bilateral vocal cord palsy.

6.2.1 Tracheostomy

Tracheostomy may not always be required. However, in cases presenting with 
stridor immediate establishment of an alternate airway by tracheostomy is the 
earliest and safest procedure that can be performed. Tracheostomy provides a 
secured airway following which a specific management approach can be planned. 
Following tracheostomy, the tracheostomy tube care also poses a challenge as it is 
not uncommon for neonatal tracheostomy tube to get easily blocked with tracheal 
secretions. It is an ideal approach to wait until the child is 2 years old before 
embarking on other surgical procedures as it will allow a time period for spontane-
ous recovery.

6.2.2 Lateralization of vocal cord

This is a temporary procedure where the vocal cords are lateralized with a 
suture. There is a lesser risk of aspiration and this procedure can be reverted once 
the vocal coed function is back. One of the drawbacks of this procedure is that the 
suture may give away and the cord may be medialised again. It is reserved for the 
cases where recovery of vocal cord function is anticipated.
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6.2.3 Posterior cordotomy

This is an irreversible procedure. Endoscopic LASER cordotomy was popular-
ized by Dennis and Kashima [11]. In this procedure, a transection is carried out 
through true vocal fold, ventricle and false vocal fold from the vocal process creat-
ing a wedge shaped defect in the posterior glottis. The drawbacks of this surgery are 
chances of aspiration and change in voice.

6.2.4 Arytenoidectomy

Similar to posterior cordotomy, this is also an irreversible procedure aimed at 
creating a defect in posterior glottis. However, in this surgery most of the arytenoid 
is removed. This procedure also carries a risk of change in voice and aspiration. This 
procedure can be carried out via both open and endoscopic approach.

6.2.5 Combined posterior cordotomy and arytenoidectomy

6.2.6 Posterior cricoid split and grafting

This surgery aims at widening the glottic aperture by expanding the posterior 
laryngeal commissure with the help of costal cartilage. It can be performed via both 
open and endoscopic approach. The advantage of this procedure is that integrity of 
the vocal folds and arytenoids is kept intact and there are also minimal chances of 
aspiration.

6.2.7 Reinnervation

Reinnervation using ansa cervicalis nerve-muscle pedicle transfer or phrenic 
nerve transfer to posterior cricoarytenoid muscle can be done. The results are, 
however, not consistent and more clinical human trails are further needed to draw a 
definite conclusion.

7. Conclusion

Bilateral abductor palsy in neonates, although the second most common cause 
for stridor in paediatric population, is still a rare and clinically challenging entity. 
It can be a presentation of various pathologies, both genetic and non-genetic. 
Investigations should be guided by the mode of presentation and the possible aetio-
logical factors, however, MRI brain should be done in all cases to rule out anomalies 
such as Arnold-Chiari malformation. Watchful waiting is always a standard 
approach until the child is 2 years old in idiopathic cases as significant number of 
cases tend to improve by 1–2 years.
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Primary Immunodeficiency
Renfen Chen

Abstract

Primary immunodeficiency (PID) is a large group of rare diseases present with 
chronic, serious, or life-threatening infections and other immune complications 
caused by defects or dysfunction of human immune system. Unlike secondary 
immunodeficiency acquired from an environmental factor or other medical 
conditions, PIDs are initiated by genetic defects. PIDs are divided into innate/
adaptive immunodeficiencies, phagocytic deficiencies, complement deficien-
cies, and immune dysregulation. Due to the heterogeneous nature of the clinical 
presentations, diagnosis of PIDs can be of significant challenge. Review of clini-
cal history and physical examination is important for raising initial suspicion of 
PIDs, whereas laboratory testing is essential to establish a diagnosis. Laboratory 
investigation includes the assessment of antibody and cellular response, as well as 
evaluation of the phagocytic and complement system. Flow cytometry and genetic 
assays are generally served as confirmation tools to validate a diagnosis. The recent 
exponential increase of genetic analysis has facilitated the identification of known 
and novel mutations. The advances in understanding of the immune system, 
development of novel cellular and molecular methodologies, and increased clini-
cal awareness have led to significant improvement of disease management and 
clinical outcome for these diseases.

Keywords: primary immunodeficiency, innate immunity, adaptive immunity, 
phenotype, gene defect, infection, autoimmune disorder, classification,  
clinical awareness, laboratory diagnosis, flow cytometry, genetic testing, treatment, 
prognosis

1. Introduction

Primary immunodeficiency (PID) is a large group of rare diseases attributed 
to inborn genetic errors that impair different components of adaptive and innate 
immune system, resulting in chronic, serious infections, or other complications. 
The diseases are often accompanied by a predisposition to autoimmune disorders, 
autoinflammation, atopy, and malignancy [1–4]. Unlike secondary immunodefi-
ciency acquired from other diseases or conditions such as malnutrition, immuno-
suppression, or HIV infections, PIDs are triggered by genetic defects. Based on the 
abnormality of one or more components of human immunity, PIDs can be divided 
into antibody deficiencies, combined T- and B-cell deficiencies, deficiencies in the 
phagocytic or complement system, and immune dysregulation [1]. Diagnosis of 
these disorders requires good clinical awareness and specialized laboratory testing. 
Flow cytometry and genetic testing are essential to identify the phenotypic and 
genetic defects of the diseases and to confirm the diagnosis. Accurate diagnosis 
and efficient management are important for reducing morbidity and mortality in 
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patients with PID [2]. The chapter provides an overview of the classification and 
manifestation as well as the diagnosis and management of these disorders.

2. Prevalence

Individual type of PIDs is considered to be rare in the population; however, recent 
studies have shown that PIDs may be more common than previously estimated 1% 
of the population when all varieties are combined [5]. The prevalence of PIDs varies 
depending on the type of immunodeficiencies and is difficult to be precisely calcu-
lated as the number of diagnosed cases is rapidly increasing. A 2018 global survey 
from the Jeffrey Modell Centers Network (JMCN) reported the case of PID patients 
followed in the JMCN increased by 35.4% to 102,097, while the case of patients identi-
fied with a specific gene defect increased 21.8% to 67,308 during the same period [5]. 
Up to 2018, 354 distinct disorders with 344 different gene defects were recognized 
[6]. Of note, most of the cases reported are from developed countries. It is estimated 
that 70–90% of individuals living with a PID are undiagnosed [7], particularly in 
the area with poor medical condition and lacking laboratory resources. With the 
extensive application of exome or whole genome sequencing, it was predicted that the 
associated PID genetic defects would reach 1000 under current trend in next decade 
[5]. Table 1 listed the reported number of 18 most common PID defects among 354 
inborn errors of immunity [5]. As shown, antibody deficiencies have much higher 
occurrence rate against other types of the disorders. Studies also showed that the 
selective IgA deficiency has the highest prevalence worldwide with a range from 1 in 

Table 1. 
Global prevalence of PIDs reported by Jeffrey Modell Centers Network [5].
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223 to 1 in 1000 depending on ethnic background [8], while severe combined immu-
nodeficiency (SCID), although fatal, is much rarer (1 in 100,000) [9, 10].

3. Classification

The classification of PIDs is generally based on the defects of the major 
components of human immunity, such as innate/adaptive immunodeficiencies, 
phagocytic deficiencies, complement deficiencies, and immune dysregulation. 
The classification has evolved over time with more phenotypic and genetic defects 
identified [4, 11].

Table 2. 
The 2017 IUIS phenotypic categorization of PIDs [6, 11].
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The International Union of Immunological Societies (IUIS) expert committee, 
currently named as Inborn Errors of Immunity Committee, has been responsible for 
issuing the classification of PIDs every other year from 1970. The complete catalog 
of classification has now been widely used as a reference by clinicians and research-
ers. From 2013, IUIS published more user-friendly phenotypic classification in 
two formats: one is a pdf file, namely clinically oriented phenotype categorization 
in the Journal of Clinical Immunology, and the other is a csv file containing a 
comprehensive list of various disorders that can be downloaded from http://www.
iuisonline.org [6, 11]. The phenotypic categorization published in the journal has 
been well designed for clinical use, while the online list contains the most updated 
information demonstrated in a digital friendly excel format that can be sorted by 
phenotypic and genetic features, which are very useful for designing sequencing 
panels, disease code lists, and diagnostic algorithms.

The major category and subcategory of PIDs from the revised 2017 IUIS pheno-
typic classification are summarized in Table 2.

4. Clinical presentations

Patients with PID present highly heterogeneous clinical symptoms with 
increased susceptibility to infections and other immune complications [12, 13]. 
Recurrent infection is the hallmark of the PIDs although a variety of other clini-
cal manifestations may appear before the infection [13, 14]. In fact, noninfectious 
manifestations, such as gastrointestinal disorders,  hematological diseases, autoim-
mune/autoinflammatory conditions, atopy or malignancy, can be the predominant 
clinical presentations in some patients with underlying immunodeficiency [3, 15]. 
Furthermore, patients with PID also demonstrate overlapping symptoms and share 
similarities with many “routine” diseases.

4.1 Infections

Majority of patients with PID suffer mild to severe or life-threatening infections. 
The unique clinical characteristics of infections in PIDs are recurring, chronic, 
and can appear in multiple anatomic sites. Recurrent infections in both the sinuses 
and the respiratory tract, such as sinusitis, bronchitis, otitis, and pneumonia, are 
the most frequent symptoms observed in patients with PID [16], while recurrent 
systemic infections (e.g., meningitis and bacteremia) are also not rare [17, 18]. 
Patients with SCID may suffer from unusual or opportunistic infections leading to 
unexpected complications or death [19].

4.2 Autoimmune and autoinflammatory disorders

Autoimmune and autoinflammatory disorders are more frequently seen in some 
categories of the PIDs than in other diseases [20]. The associated conditions in PID 
individuals may present in  a single tissue or organ, such as autoimmune hemo-
lytic anemia, thrombocytopenia, and autoimmune thyroiditis, or affect multiple 
organs, exemplified by an related vasculitis, or resemble rheumatic symptoms such 
as (e.g., dermatomyositis, rheumatoid arthritis, and systemic lupus erythemato-
sus) [3, 20, 21]. To note, family members that carry the same gene mutation may 
present different types of autoimmune/autoinflammatory symptoms, or without 
such disorders [22]. In comparison with other types of defects, the autoimmune 
presentations are relatively common in PIDs with antibody deficiencies (e.g., 
CVID, selective IgA deficiency), and absence of initial components (C1–C4) of the 
classical complement system [23, 24].
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4.3 Gastrointestinal and hematological disorders

Patients with PID, particularly infants and young children, may manifest 
chronic diarrhea, malnutrition, and malabsorption. Some individuals may undergo 
infections in gastrointestinal tract, such as chronic giardiasis and rotavirus [25], 
while others may experience a variety of autoimmune or autoinflammatory dis-
orders including inflammatory bowel disease, atrophic gastritis with pernicious 
anemia, or gluten-sensitive enteropathy [20].

Hematological disorders, such as autoimmune hemolytic anemia, and/or neutro-
penia and/or thrombocytopenia, are also frequently seen in patients with CVID or 
selective IgA deficiency [26]. Patients with the Wiskott-Aldrich syndrome, a disease 
characterized by variable defects in B- and T-lymphocyte function, can present with 
reduced platelet volume and significant thrombocytopenia [27].

4.4 Immunodeficiency syndromes

PID patients may also present with a syndrome complex. For example, recur-
rent bacterial/fungal infections and chronic inflammation of the gastrointestinal 
and respiratory tract often present in patients with chronic granulomatous disease, 
while an individual suffering from Wiskott-Aldrich syndrome may have manifesta-
tions of eczema, recurrent bacterial infections, autoimmune disorders, and throm-
bocytopenia [27]. In addition, congenital heart disease and hypocalcemic tetany 
frequently appear in a newborn baby with the DiGeorge syndrome [28, 29]. In fact, 
the investigation of patients with a syndrome derived from immunodeficiency may 
trigger an early diagnosis of PID before the typical immunodeficiency symptoms 
appear [4].

4.5 Malignancy

Compared to individuals with a healthy immune system, patients with PID 
are expected to have higher prevalence and/or broader spectrum of malignancies 
[30]. A study showed that lymphoma, the most common malignancy seen in PID 
patients, has increased 10-folds in male and 8.34-folds in female compared to 
age-matched controls [31]. Other types of cancer with higher frequency in PIDs are 
leukemia, digestive tract cancers, and virus-induced cancers [30]. Interestingly, 
the four most common cancers routinely occurred in men and women (lung, colon, 
breast, and prostate cancers) do not have significant elevation in subjects diagnosed 
with PID [31]. Evidence also demonstrated that patients with specific forms of 
immunodeficiency caused by highly penetrant gene defects have higher risk of 
developing cancer [32].

5. Clinical investigation

Early diagnosis of PID is critical for reducing morbidity or mortality and 
improving treatment outcomes. Review of clinical and family history and physi-
cal examination are the first steps in evaluating the need for further laboratory 
investigation.

The differentiation of PIDs from other medical conditions can be complicated 
as the symptoms of infection (e.g., sinusitis, bronchitis, pneumonia, gastroenteri-
tis, meningitis, or sepsis) and other manifestations often present in patients with 
non-PID. Hence, it is important to delineate the infectious organisms, the pattern of 
infections, and clinical pictures for guiding the clinical judgment, prior to focusing 
on laboratory testing.
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Due to the highly variable clinical presentations and low frequency of the PIDs, 
the diagnosis of patients is often delayed for years. To raise clinical awareness, 
JMCN has promoted 10 warning signs for children and adults (Table 3). Patients 
presenting with two or more of the clinical warning signs should be prompted for 
further investigation for the possible underlying immunodeficiencies and referred 
to immunologists for proper disease management.

6. Laboratory diagnosis

The laboratory testing is essential to diagnose and delineate the immunologic 
defects of PIDs. Patients with clinical suspicion should be further investigated for 
the response of innate immunity and adaptive immunity [33, 34]. Table 4 listed the 
most common tests used for initial screening of PIDs.

6.1 Evaluation of humoral immunity

Measurement of serum immunoglobulins is the first-line test for evaluating 
B-lymphocyte functions. Quantitative measurements of IgG, IgA, IgM, and IgE 
will identify either hypogammaglobulinemia or deficiency of an individual class of 
immunoglobulins. Evaluation of IgG subclasses may be required when a patient has 
strong implication of humoral immunodeficiency but the total IgG is normal. To 
be mindful, the results of immunoglobulin quantitation must be interpreted with 
appropriate age-specific ranges. Assessment of antibody responses to immunization 
with protein antigens (e.g., tetanus or diphtheria toxoids) and polysaccharide anti-
gens (e.g., pneumococcal capsular) is another way to evaluate humoral immunity, 

Table 3. 
Clinical warning signs of PIDs.
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although note is to be taken that live viral vaccines must be restricted to a patient 
with underlying immunodeficiency [35].

6.2 Evaluation of cellular immunity

Delayed-type hypersensitivity (DTH) skin test is commonly used to screen 
whether the patient has intact cell-mediated immune response. A positive DTH skin 
test generally rules out the possible defect of cellular immunity [36]. Nevertheless, the 
test requires that individuals must have sufficient prior exposure and sensitization to 
the testing antigen; therefore, it may not be suitable for infants and young children. 
Quantitation of T-lymphocytes (CD3, CD4, CD8) in peripheral blood is able to 
indirectly reflect the aberrant cellular immunity and can be easily performed by flow 
cytometry. More specialized T-cell function tests would provide in-depth informa-
tion in immune system, which include the assessment of lymphocyte proliferation in 
response to stimulus such as mitogens (e.g., phytohemagglutinin, ConA, and PMA), 
or specific antigens (e.g., candida). Furthermore, in vitro measurements of intra- and/
or extracellular cytokine responses (e.g., interleukin 2, interferon-gamma, BAFF, and 
TNF) are informative for the investigation of T- and B-lymphocyte regulation [37].

6.3 Evaluation of phagocytic function

Leukocyte count and differential can assess the phagocytic disorders such as con-
genital agranulocytosis or cyclic neutropenia. Phagocytic function can be indirectly 

Table 4. 
Initial laboratory tests for PIDs.
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assessed by traditional nitroblue tetrazolium (NBT) assay, which measures 
phagocytic cells’ killing capability in response to an oxidative burst. More recently, 
a simpler dihydrorhodamine 123 (DHR) assay based on flow cytometry has replaced 
NBT test for assisting the diagnosis of chronic granulomatous disease (CGD), Rac2 
deficiency, and complete myeloperoxidase deficiency [38, 39]. Other complicated 
in-vitro functional methods such as the measurement of directed cell movement 
(chemotaxis), ingestion (phagocytosis), and intracellular killing (bactericidal activ-
ity) are available in some specialized laboratories [40].

6.4 Evaluation of NK function

The importance of evaluating NK cells in human immunity has been previously 
underscored, and this is supported by two evidences: significantly increased number 
of patients with reduced NK cells and/or functions, and over 40 genetically defined 
congenital immunodeficiencies present with impaired NK cell functions [41]. There 
are several methods utilized for the examination of NK cell functions including 
51chromium  release assay, flow cytometry-based perforin/granzyme expression 
and CD107a degranulation. These assays are particularly valuable for the patients 
suspected of primary hemophagocytic lymphohistiocytosis [42, 43].

6.5 Evaluation of the complement system

The complement system can be evaluated by measuring the level or function 
of complement proteins that are involved in the classical and alternative activa-
tion pathways. C3 and C4 are the complements routinely tested. Quantitative and 
functional assay of C1 esterase inhibitor is essential for the diagnosis of hereditary 
angioedema. Assays of CH50 and AH50 are, respectively, used to measure the 
overall complement activity in the classical or alternative pathway. Combining 
the results of CH50 and AH50 is indicative for further investigation of individual 
complement proteins that initiate the classical or alternative pathway or common 
terminal pathway [44].

6.6 Flow cytometry

As our understanding of the defect or dysfunction of immune system 
increases, immunophenotypic and functional assays based on flow cytometry 
have been extensively used in identifying the abnormality of various cell 
types and their functions associated with certain diseases, including PIDs. 
Furthermore, flow cytometry is also a favorable technique for the measurement 
of intra- and extracellular cytokine production (e.g., IL12, IFN, TNF, and TH17), 
cell surface protein expression (e.g., Foxp3, CTLA-4, and BTK), and cellular 
signaling pathways (e.g., phosphor-STAT) [45]. The information gained from 
flow cytometry analysis can assist not only in the diagnosis, monitoring, and 
treatment of the diseases but also in understanding the influence of immune 
system associated with genetic defects that are newly identified. Table 5 lists the 
flow cytometry assays used for common PID disorders. Most of the tests listed 
are required to be undertaken in a specialized laboratory, with the exception of 
TBNK cell populations, memory B cells, and some function assays that can be 
performed in a routine diagnostic laboratory.

Proper instrument setting, standardized operating procedures, and good quality 
controls must be exercised when performing flow cytometric analysis, as flow 
cytometry is susceptible to assay variation,. The reported data must include both 
percentage and absolute number of specific cell population. Moreover, appropriate 
age-matched reference ranges should also be provided in the final report [47, 48]. 
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Ideally, each laboratory should establish their own normal ranges, but this is often 
not feasible; alternatively, published reference ranges may be used if a proper 
validation has been undertaken.

To date, flow cytometry has also been widely used for evaluating cell functions. 
Traditionally, lymphocyte functions were tested by radioactive methods, such 
as cytotoxicity of T and NK cells (chromium release) or proliferation of T cells 
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(tritiated thymidine uptake). These approaches are still recognized as gold stan-
dard by some clinicians. However, radioactive methods have the following intrinsic 
limitations: involvement of radioactivity, labor intensive, high expertise required, 
and poor result reproducibility. Additionally, seeking for a consistent healthy 

Table 5. 
Phenotypic and functional assessment for PIDs by flow cytometry [45, 46].
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fresh blood as assay normal control and obtaining a proper reference range can 
be challenging in routine laboratory practice. Therefore, they have been gradually 
replaced by other methodologies, such as bioluminescence-based assay or flow 
cytometry–based assay, which use specific dye for the detection of cell prolifera-
tion (e.g., CFSE, PKH-2, or PKH-26) or cell death (e.g., 7AAD and Annexing V) 
[49]. Many assays based on flow cytometry have been increasingly popular as 
they are easier to perform, have quicker turnaround time, are nonradioactive, are 
capable of using whole blood, and are more robust compared to the traditional 
radioactive assays.

Table 6. 
The advantages, limitations and recommendations of genetic technologies [50, 53].
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6.7 Genetic testing

Genetic testing plays a critical role in patients with PID in confirming diagnosis, 
predicting the prognosis, assessing the influences of genotype-phenotype associa-
tions, and family planning [50, 51]. Besides, early and accurate molecular diagnosis 
is vital for guiding the selection of appropriate treatment including genetic therapy. 
Several molecular tests are available in identifying the genetic defects of PIDs, such as 
chromosomal analysis, fluorescence in situ hybridization, chromosomal microarray, 
single gene by Sanger sequencing, gene panels by massively parallel, whole exome, 
and genome by next-generation sequencing [52]. The selection of these assays should 
consider their inherent advantages and limitations [50, 53]. The summary of these 
tests is shown in Table 6. Recent emerged simple molecular assays for measuring 
circular DNA segments namely T-cell receptor excision circles and kappa-deleting 
recombination excision circles, based on quantitative PCR amplification of DNA 
extracted from dried blood spots, enable for a quick screening of newborn SCID [54].

The choice of specific gene(s) for examination is suggested by the patient’s clini-
cal history and phenotypical and functional results. Clinicians are required to have 
a basic understanding of the utility, accessibility of different genetic approaches. 
The selection criteria of molecular methodology should be based on the greatest 
odds of achieving the diagnosis within an acceptable time frame with the most 
cost-effective test. There is no specific algorithm for genetic testing in patients 
with PID as individual’s genetic mutation is often unique, the technology, cost, and 
the assay turnaround time are constantly changing, and each molecular method 
has inherent advantages and limitations. Practically, two or more approaches are 
often used together to achieve an optimal diagnosis [50]. For example, single gene 
Sanger sequencing is considered to be not only a simple and reliable assay for testing 
patients with known monogenic mutations of PID or their family members, but it 
can also serve as a tool for confirming the genetic variants detected by whole exome 
sequencing. When assessing large numbers of mutations, gene panels or whole 
genome/exome approach may be more cost-effective and faster than single gene 
analysis. Since genetic testing in primary immunodeficiency is highly personalized, 
and a specific genetic mutation does not always translate into a disease, test results 
must be interpreted with caution by genetic consultants and immunologists.

The recent advances of sequencing technologies have facilitated the genomic 
assays to become the standard of care in some hospitals although these techniques 
may face the challenges of cost, accessibility, and interpretation issues. The expo-
nential growth of genetic analysis by next-generation sequencing and other novel 
molecular technologies has enabled quick identification of known and novel muta-
tions, which contributed to a dramatic expansion of the number and types  
of PIDs [16, 53, 55].

7. Treatment

Treatments for PIDs involve preventing and controlling recurrent infections, 
treating symptoms, strengthening the immunity, and treating the underlying cause 
of the immune defects. Illness associated with PIDs such as autoimmune disorders 
or malignancies should also be managed [1, 13].

More aggressive and/or longer course of antibiotics than “normal infections” is 
usually prescribed in patients with PID, in order to control the infections caused by 
bacteria or fungi. Some patients may require prolonged antibiotic therapy to pre-
vent infections and permanent damage to organs [13]. Routine immunizations can 
also provide protective immunity to those at risk of infections, but the attenuated 
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vaccines such as oral polio and measles-mumps-rubella might not be suitable for 
children with PIDs. For viral infection, interferon-gamma therapy may be of choice 
besides other antiviral drugs routinely used (e.g., amantadine and acyclovir) [13]. 
In patients with chronic granulomatous disease, using granulocyte colony–stimulat-
ing factor, a glycoprotein that is able to stimulate the proliferation/differentiation 
and improve the functions of neutrophil, can help increase the levels of immune-
strengthening leukocytes to control the infections [56].

Immunoglobulin replacement has been the pillar of therapy for recurrent 
infections of PIDs, since around 60% of PID cases have impaired antibody 
production [57]. In fact, most of these patients will require life-time immuno-
globulin replacement therapy. Immunoglobulin can be delivered either intrave-
nously (abbreviated IVIG) or subcutaneously (abbreviated SCIG). The choice 
of which route depends on the circumstance although both of them have been 
demonstrated to be effective. Because higher IgG levels can be obtained through 
intravenous administration, IVIG has been routinely used for preventing serious/
recurrent infections [58]; however, SCIG has recently emerged as a popular route 
for delivery due to its fewer side effects and greater flexibility [57, 59]. Future 
research direction is focusing on more precise IgG replacement in PIDs, such as 
the development of IgG subclass-specific enriched preparation and microbe-
specific IgG [58].

Table 7. 
Current strategies for the treatment of PIDs [1, 13, 66].
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Apart from controlling infections, the considerable morbidity and mortality 
caused by noninfectious complications of PIDs can also be troublesome to clini-
cians. To standardize clinical practices and improve treatment outcome, British 
Society of Immunology has recently published the first set of recommendations for 
monitoring and managing the noninfectious complications of CVID [60].

Bone marrow transplantation (BMT) and hematopoietic stem cell transplanta-
tion (HSCT) are feasible options for a permanent cure for several types of life-
threatening immunodeficiency, with SCID in particular [61, 62]. Immune system 
can reconstitute when stem cells harvested from bone marrow or cord blood are 
transferred to the patients with PID. However, the successful rate of biological 
match, possibility of life-threatening graft-versus-host-disease, and the risk of 
uncontrolled infections following the destruction of the patient’s own immune 
system prior to the transplant should be well evaluated.

The technical advances of genetic engineering provide another hope to cure 
PIDs. Substantial progress has been made in the past decade in treating several 
types of PIDs (e.g., adenosine deaminase-SCID, SCID-X1, chronic granulomatous 
disorder, and Wiskott-Aldrich syndrome) with gene therapy [63–65]. Current treat-
ment scenario is mostly based on ex-vivo deliver of therapeutic transgene through 
viral vectors to autologous stem cells, followed by transplantation back to the same 
patient. Although the overall outcome from all the clinical trials targeting different 
PIDs has been extremely promising, however, serious adverse events (e.g., vector-
mediated oncogenesis) and high cost may be a hindrance to clinical trials and 
promotion of gene therapy [63, 65]. A summary of current strategies for treatment 
and management of PIDs is shown in Table 7.

8. Prognosis

The prognosis of patients with PID is extremely variable depending on the type 
of immune defects. Infants with SCID will die in the first 2 years of life without 
HSCT/BMT or gene therapy. Individuals who obtained stem cell transplantation in 
early childhood (before 3.5 months) have better prognosis [67]. Many PID patients 
who received proper medical care and treatments are able to live healthy and 
independent life for a long term. With the enhancement in managing infections and 
other complications and growing application of definitive therapies, the outcomes 
and long-term survival of PIDs have improved dramatically since the 1970s [13].

9. Conclusion

The investigation of PIDs has provided valuable insights to understand the 
specific gene defect that impairs the immune system. Flow cytometry and genetic 
testing enable to identify existing and novel phenotypes and genotypes as well as 
their impact on PIDs. The applications of flow cytometry and genetic technologies 
have expanded dramatically with more types of PID is defined, and the use of mass 
sequencing technologies has accelerated the identification of novel disorders. To 
efficiently use these complex assays, clinicians should have a good understanding 
of these methods and know how to interpret the results for diagnosis and disease 
management [33].

The management of patients with PID is based on three aspects of diagnosis: 
suspicious clinical manifestations, aberrant results of immune response, and the 
underlying genetic defect [4]. However, the diagnosis of PIDs may confront signifi-
cant challenges: there are large numbers of variable types of PIDs to be recognized 
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and most of them have alike clinical presentations with common diseases; immuno-
deficiencies derived from multiple gene defects can share similar symptoms, and a 
defect in the same gene may have various clinical manifestations [1]. While severe 
forms of PIDs are relatively easier to be recognized, milder immunodeficiencies 
may not raise alertness until typical presentation occurs [68, 69]. Additionally, the 
criteria for constituting a PID diagnosis are subjective, for example, the degree 
of frequency and the severity of the infections for establishing the diagnosis 
are unclear, the association of PIDs with autoimmune disorder or malignancy is 
ambiguous, and some individuals may not have noticeable symptoms apart from 
laboratory findings. Furthermore, advanced laboratory examination such as spe-
cialized flow cytometric and genetic analysis is not always easy to access. All these 
factors may contribute to delayed or missed diagnosis of the diseases.

To combat the challenges, clinical warning signs of PIDs should be disseminated 
to all clinicians for raising earlier recognition of the diseases, and an immunologist 
must be consulted for proper diagnosis and management. Due to the complexity 
of clinical presentations and large number of disease types, the use of scoring 
system based on the codes of the international classification of PIDs [69] assisted by 
artificial intelligence may be beneficial for clinicians to differentiate these disorders 
from other diseases and raise initial recognition. The recent advances in under-
standing the human immune system, development of novel cellular and molecular 
assays, and collaborations from the international/national organizations have led to 
significant increase of clinical awareness and cases diagnosed and improvement of 
disease management and treatment outcomes for PIDs.
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Abstract

Cerebral autosomal dominant arteriopathy with subcortical infarcts and leu-
koencephalopathy (CADASIL) is an inherited cerebrovascular disease whose key 
features are recurrent transient ischemic attacks (TIA), strokes, migraine with 
aura, vascular dementia, and diffuse white matter abnormalities detectable through 
neuroimaging. The disease results from mutations in the NOTCH3 gene, encoding 
a transmembrane receptor involved in cellular signaling and fate during embryonic 
development. Genetic testing is the gold standard for diagnosing this condition, but 
the syndrome can be suspected clinically based on family history and characteristic 
findings of white matter changes. Nevertheless, different individual symptom 
types, onset, and disease severity, even among individuals in the same family, 
have been increasingly recognized. The molecular mechanisms by which NOTCH3 
mutations lead to vascular degeneration remain unclear. Most CADASIL-associated 
mutations result in either a gain or loss of cysteine residue in one of the 34 EGF-like 
repeats in the extracellular domain of the Notch3 protein, thus sparing the number 
of cysteine residues. More than 200 different mutations in the NOTCH3 gene have 
been reported in CADASIL patients, of which 95% are missense point mutations. 
Although it has been suggested that some mutations may be associated with a 
milder or more severe phenotype, so far no clear genotype-phenotype correla-
tion has been found. To date, no disease-modifying treatment is available for this 
condition.

Keywords: arteriopathy, leukoencephalopathy, cerebrovascular disease,  
NOTCH3 gene, Notch3 protein

1. Introduction

CADASIL (MIM 125310) is the acronym for cerebral autosomal dominant 
arteriopathy with subcortical infarcts and leukoencephalopathy, coined in 1993 to 
define a hereditary small vessel disease of the brain affecting middle-aged adults 
and leading to disability and dementia [1, 2]. The disease was first described in 
1955 by Van Bogaert as “Binswanger’s disease with a rapid course in two sisters” [3]. 
Before 1993, a number of families with an apparently hereditary vascular dementia 
accompanied by a Binswanger-like arteriopathy were described [3–5], but only in 
1991, Tournier-Lasserve et al. [6] described nine patients of a single family, with 
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recurrent cerebrovascular ischemic events and dementia, variably associated with 
migraine headaches and epilepsy, suggesting the term “autosomal dominant syn-
drome with stroke-like episodes and leukoencephalopathy.” In 1993, a linkage analy-
sis of two unrelated European families led to the mapping of the defective gene to 
chromosome 19q12, and the syndrome was renamed CADASIL [1]. Compared with 
other inherited brain disorders such as Huntington’s disease or inherited early-onset 
Alzheimer’s dementia, CADASIL is still relatively unknown in the medical commu-
nity. This is not so much due to the fact that it is a rare disease but more to the fact 
that there is only a short history of recognition of the disease [7].

2. Clinical picture

CADASIL is an inherited cerebrovascular disorder, whose main clinical features 
are migraine with aura, recurrent subcortical ischemic attacks, strokes, vascular 
dementia, cognitive impairment, psychiatric disturbances, and apathy [8–16]. Due 
to the rarity of the disease, CADASIL is often overlooked and misdiagnosed; nev-
ertheless, the combined symptomatic and asymptomatic prevalence of CADASIL is 
estimated at least 10.7 per 100,000 adults [11, 12, 17–20]. Migraine with aura is an 
early sign, with average onset in the third decade of life, and it is typically reported 
to occur in 20–40% of patients [9, 21]. Transient ischemic attacks (TIA) or lacunar 
ischemic strokes are the most common signs, occurring in up to 85% of individuals 
with a mean onset in the fifth or sixth decade; usually they take the form of clini-
cal lacunar syndromes [21, 22]. The second most frequent clinical manifestation 
is cognitive impairment, often leading to dementia, which occurs in a very high 
proportion of patients by the age of 50 years. Mood disturbances are reported in 
20% of CADASIL patients, presenting as severe depressive episodes [21]. Moreover, 
researchers recognize apathy, which is independent from depression, as a major 
clinical manifestation, affecting about 40% of patients [23]. Patients with CADASIL 
exhibit, even more rarely, other clinical manifestations such as seizures in 5–10% 
of cases [22]; intracerebral hemorrhages [24], mostly in hypertensive patients, 
in 16–25% of cases [25, 26]; and, in a few cases, territorial infarcts [27], deafness 
[6], and parkinsonism [28]. All symptomatic patients present typical magnetic 
resonance imaging (MRI) findings, including noticeable signal abnormalities with 
hyperintense lesions on the T2-weighted images in the subcortical white matter, 
basal ganglia, and thalamus (a crucial difference from multiple sclerosis, a frequent 
mimic of CADASIL) [1, 6, 29–33]. Anterior temporal lobe hyperintensities may be 
more specific than external capsule changes and appear in young presymptomatic 
subjects [34]. In the vast majority of patients, brain MRI abnormalities precede the 
onset of symptoms by 10–15 years; thus, brain MRI is crucial for the diagnosis of 
CADASIL. Although marked population differences in the clinical and radiological 
manifestation of CADASIL have been recognized, potentially due to differences in 
underlying genetic mutations [21, 35–37], in the proper clinical evaluation based on 
symptoms suggestive of CADASIL, confluent anterior temporal pole white matter 
changes show sensitivity and specificity of 89 and 86%, respectively, based on case 
series. From a pathological point of view, CADASIL patients have a systemic non-
amyloid, non-atherosclerotic angiopathy affecting the walls of small blood vessels 
[38, 39]. The accumulation of granular osmiophilic material (GOM) within the 
smooth muscle cell basement membrane and the surrounding extracellular matrix 
is pathognomonic [40–42]. Because the arteriopathy in CADASIL is systemic, GOM 
deposits, which contain Notch3 proteins, among other poorly defined components 
[40, 43, 44], can be detected in arteries of many different organs, including dermal 
arterioles. In fact, actually GOMs are detected in skin biopsies, but the reported 
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sensitivity is variable [45, 46]. CADASIL is inherited dominantly, with over 500 
families detected worldwide and de novo cases observed sporadically [47].

3. Genetics

NOTCH3 gene mutations are causative of the disease. This gene, consisting of 
33 exons spanning roughly 7 kb and located on chromosome 19p13 [48], encodes 
a single-pass transmembrane heterodimer receptor Notch3 of 2321 amino acids 
involved in cellular signaling and fate during embryonic development [49, 50]. 
Notch3 protein comprising an N-terminal extracellular domain (NECD) involved 
in ligand binding, a transmembrane domain (NTMD), and an intracellular domain 
(NICD), which contains seven ankyrin repeats is required for downstream signal 
transduction (Figure 1) [51, 52]. More specifically, the NECD is non-covalently 
associated with the membrane-tethered intracellular domain, and it is composed of 
34 epidermal growth factor (EGF)-like repeats, followed by 3 Notch/lin12 repeats 
[53]. Each EGF-like repeat encompasses six cysteine residues, forming three pairs 
of disulfide bonds [54, 55]. The receptor is synthesized as single precursor protein 
which is cleaved during transport to the cell surface (S1 cleavage), where it is 
expressed as heterodimer. Upon binding of its ligand (a protein of the delta/jagged 
family) [56] at EGF repeats 10–11, Notch3 receptor undergoes two other proteo-
lytic cleavages: at first, N3 is cleaved (S2 cleavage) in its extracellular domain by a 
TNF-α-converting enzyme (TACE), subsequently in its transmembrane domain 
(S3 cleavage) in a presenilin-dependent manner. These proteolytic events, mutually 
dependent, generate the NICD fragment, which released from the NTMD enters 
the nucleus for activating the transcription of its target genes [53, 57–59]. Although 
the mutations are highly stereotyped, atypical phenotypes have been recognized, 
and the disease is probably underdiagnosed in most of the stroke population. Most 
CADASIL-associated mutations result in a gain or loss of cysteine residue in one 
of the 34 EGF-like repeats in the extracellular domain of the Notch3 protein, thus 
sparing the number of cysteine residues within the domain [60–62]. The alteration 
of the 3-D structure of the Notch3 protein, which is due to an aberrant dimerization 
of Notch3 through an abnormal disulfide bridging with another Notch3 molecule 
or with another protein, may play a central role in the pathogenesis of CADASIL 
[63–65]. A founder effect has been documented for the Finnish population but 

Figure 1. 
Schematic structure of Notch3 protein: Notch3 domains are differently colored.
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not for other countries [66]. To date, more than 200 different mutations in the 
NOTCH3 gene have been reported in CADASIL patients, of which 95% are hetero-
zygous missense point mutations [67]. The remaining consist of small deletions, 
duplications, in frame [68–71] and frame shift mutations, splice site mutations 
[36], and a small deletion not directly involving a cysteine residue [72]. Moreover, a 
three-nucleotide insertion has been described as the first pathogenic insertion [73]. 
Recent studies have found that mutations that do not affect the number of cysteines 
(unlike the typical mutations) seem to be associated with clinical CADASIL syn-
drome. However, the pathogenic role of these mutations is uncertain. Although it 
has been suggested that some mutations may be associated with a milder or more 
severe phenotype, so far no clear genotype-phenotype correlation has been found 
[7]. Moreover, only a few cases in the literature reported homozygous mutations of 
NOTCH3 [74–78]. Many polymorphisms have also been identified in the NOTCH3 
coding sequence [67], some of them leading to amino acid substitutions [79]. 
However, it is unknown whether these polymorphisms affect Notch signaling or 
whether they are involved in cerebrovascular disease.

4. Diagnosis

The pathology should be suspected in all cases with unexplained white matter 
hyperintensities and a family history of stroke and/or vascular dementia, consistent 
with an autosomal dominant inheritance. However, because affected family mem-
bers may have been misdiagnosed [80] and de novo cases have been described [69, 81], 
the lack of an apparent family history of CADASIL does not preclude the diagnosis. 
Several groups of clinicians [13, 14, 82] proposed suitable diagnostic strategies to be 
used in the clinical setting for the selection of patients to be subjected to NOTCH3 
gene analysis. In fact, in order to establish a correct diagnosis, clinical signs, neuro-
imaging findings, and family history need to be evaluated. Molecular screening is 
the gold standard for the diagnosis and is based on the identification in a proband 
of a pathogenic variation in the NOTCH3 coding sequence [36, 83]. With a sug-
gestive diagnosis of CADASIL, a single-gene testing or a multigene panel could be 
applied; if NOTCH3 screening is unavailable or gives a negative result in a patient 
with convincing clinical and MRI findings highly suggestive of CADASIL, a skin 
biopsy analysis using both Notch3 immunostaining and electron microscopy should 
be recommended to confirm or reject the diagnosis [21, 84]. If CADASIL phenotype 
overlaps with other inherited cerebrovascular diseases, a comprehensive genomic 
testing, such as exome sequencing, should be recommended in evaluating different 
genes involved.

5. Therapeutic approach and outlooks

CADASIL is one of the most monogenic causes of stroke. No disease-modify-
ing treatment is available. Being a genetic disease, two possible gene therapeutic 
approaches have been highlighted [85, 86], but, to date, only a symptomatic 
therapy focused on mitigating symptoms and management of the patient’s 
vascular risk factor can be applied [87, 88], beginning as immediate action to 
promote healthy individual behaviors, i.e., to refrain from smoking. Anyway, it is 
important that patients be referred to multidisciplinary and specialized centers, 
not only providing genetic counseling but also integrating the clinical and neuro-
imaging follow-up with neuropsychiatric, psychologic, and physical rehabilitation 
consultations.
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Chapter 7

The Research Progress 
of Monogenic Inherited 
Hypertension
Wenxiu Liu and Xinhua Yin

Abstract

Monogenic inherited hypertension, which is caused by a single gene mutation, 
generally conforms to the Mendel’s law, but its phenotype is affected by environ-
mental factors as well. This type of hypertension is characterized by early onset 
(more common in adolescents), family history, severe hypertension, or refractory 
hypertension. It is often accompanied by abnormal hormone level and biochemical 
indicators, including low activity of plasma renin, abnormal potassium, and acid-
base metabolization disorder. For adolescents with a family history of moderate to 
severe hypertension, hormone level (including plasma renin-angiotensin-aldoste-
rone, cortisol, and sex hormone) and blood electrolytes should be measured and 
the detailed diagnosis should be determined according to medical history, physical 
signs, and test results. Currently, 17 kinds of monogenic hereditary hyperten-
sion have been clearly determined. Thanks to the development of gene detection 
technology, the diagnostic level of monogenic inherited hypertension has greatly 
improved and the pathogenesis has been gradually clarified. Our review mainly 
discussed the research progress in this field.

Keywords: monogenic hereditary disease, hypertension, rennin, potassium,  
gene detection

1. Introduction

Monogenic inherited hypertension, which was caused by a single gene muta-
tion, generally conforms to the Mendel’s law, but the phenotype is also affected by 
environmental factors. It can be identified in a large and heterogeneous family of 
hypertensive patients with highly specific etiologies and similar clinical manifesta-
tions [1]. It is characterized by early onset (more common in adolescents), familial 
aggregation, and refractory hypertension and the renin-angiotensin-aldosterone 
system features typical changes in almost every case. In the following report, we 
will review some well-characterized disorders.

1.1 Liddle syndrome

Liddle syndrome (LS), known as pseudohypoaldosteronism type I, which was 
firstly reported by Liddle in 1963 [2], is an autosomal dominant genetic form of 
low renin arterial hypertension caused by germline mutations in the SCNN1A, 
SCNN1B, and SCNN1G genes that encode the α, β, and γ subunits of the epithelial 
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sodium channel (ENaC), respectively. The prevalence of LS across the general 
hypertensive population still remains unknown. Three small single-center studies 
have estimated the prevalence to be about 0.91 [3], 1.52 [4], and 6% [5] among 
hypertensive patients with genetic testing and phenotypical LS, respectively.

The mutation gene was the nonsense p.Agr566* substitution of the β subunit, 
firstly described in the large kindred by Liddle et al. and subsequently Botero-Velez 
et al. [6] found that the mutation causes a truncation of the C-terminus of the β 
subunit with a loss of the PY motif. The first germinal mutation of SCNN1G gene, 
resulting in the nonsense substitution p.Trp573*, was identified by Hansson et al. 
in 1995 [7], the mutation erases the γ subunit’s C-terminus, causing the loss of the 
PY motif. Different rare variants of SCNN1A have also been associated with pseu-
dohypoaldosteronism type I, with the possibility of the compound heterozygotes in 
different ENaC subunits contributing to its phenotype in a digenic manner.

Recently, a germline mutation in the α subunit (p.Cys479Arg) was identified 
in a Caucasian family suffering from LS [8]. This missense mutation increases 
the open conformation of the channel, resulting in a two-fold increase in Na+ 
current, without affecting channel density at the plasma membrane. It has been 
reported that there are 31 different mutations responsible for LS in 72 families 
so far [9].

Most of these mutations are frameshift, missense, or nonsense, impairing the 
PY motif and increasing ENaC expression at the distal nephron apical membrane, 
following a subsequent increase in Na+ reabsorption. LS is characterized by resistant 
and early onset salt-sensitive arterial hypertension clinically, often associated with a 
family history of early onset hypertension and sudden death.

On average, hypertension develops around the second decade of life 
(15.5 ± 3.3 years) [10], with variation in the age of onset and severity of hyperten-
sion [6]. Without treatment, subjects will present with complications of severe 
hypertension during the third or fourth decade of life. Despite the typical phe-
notype presenting with severe hypertension and hypokalemia, the disease can be 
clinically heterogeneous, even with mild phenotypes.

Biochemically, the characteristic findings are hypokalemia, metabolic alkalo-
sis, suppressed plasma renin activity (PRA), and low serum aldosterone levels. 
The diagnosis of LS is based on gene sequencing of SCNN1A, SCNN1B, and 
SCNN1G. Considering the autosomal dominant inheritance (50% risk of transmis-
sion) and the variable phenotype reported in some families, genetic screening also 
has to be performed in first-degree relatives of a mutation carrier.

As for the treatment of LS, amiloride which is a potassium-sparing diuretics, 
or triamterene which a direct ENaC inhibitor, combined with a low sodium diet, 
mitigate sodium-sensitive hypertension by inhibiting sodium transport through 
ENaC. The drug effect is rapid and exceptionally good. While spironolactone, 
another potassium-sparing diuretics, has no therapeutic effect on LS.

1.2 Gordon syndrome

Gordon syndrome (GS), also known as pseudohypoaldosteronism type II or 
familial hyperkalemia hypertension, is a rare form of monogenic hypertension 
characterized by low renin, hyperkalemia, hyperchloremic metabolic acidosis, and 
normal glomerular filtration rate [11].

This phenotype was first discovered in 1964 by Paver and Pauline [12], and 
Gordon [13] identified the phenotype to be an inheritable disorder based on a study 
of several pedigrees later in the 1980s. The hyperkalemia is a useful discriminator, 
distinguishing GS from other forms of monogenic hypertension which present with 
normokalemia or hypokalemia [14].
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Although GS is considered to be an autosomal dominant inherited disease, new 
molecular studies reported some recessive cases [15]. Mutations in four genes such 
as WNK1 (pseudohypoaldosteronism type IIC), WNK4 (pseudohypoaldosteronism 
type IIB) [16], CUL3 (pseudohypoaldosteronism type IIE), and KLHL3 (pseudohy-
poaldosteronism type IID) [17] have been identified to be responsible for GS.

WNKs belong to a large family of serine-threonine protein kinases with pleiotro-
pic effects. The WNK kinases (encoded by the WNK1 and WNK4 genes) regulate the 
expression of the Na+/Cl−-cotransporter (NCC) in the distal nephron and the Na+-
K+-2Cl−-cotransporter (NKCC2) in the thick ascending limb of Henle’s loop, which 
play an important role in the development of hypertension in patients with GS.

However, WNKs phosphorylate these transporters indirectly, and it is contro-
versial how WNKs regulate the transporters and how mutations of WNKs cause 
activation of the transporters.

Recently, it has been discovered that STE20/SPS1-related proline/alanine-rich 
kinase and oxidative stress-responsive kinase 1 which are two other serine/threo-
nine kinases downstream of WNKs, phosphorylate and activate NCC and NKCC2 
actually [18–20]. While the scaffold protein Cullin3 and the adaptor protein Kelch3 
(encoded by the CUL3 and KLHL3 genes, respectively), which accounted for the 
majority of pathogenic mutations [18], are involved in the ubiquitination and 
proteasomal degradation of the WNK kinases [21].

Therefore, loss-of-function mutations in these genes result in inhibited deg-
radation of WNKs in the distal nephron and thus upregulation of NCC activity. 
Different mutant genes are significantly correlated with the clinical manifestations 
of GS, which can be sorted as CLU3 > KLHL3 > WNK4 > WNK1 according to the 
age of onset and clinical manifestations.

CLU3 mutants develop early onset, most of them present hypertension when 
they are minors, and show severe hyperkalemia and metabolic acidosis. Patients 
with WNK1 may not develop hypertension until late adulthood, and the clinical 
symptoms are relatively mild, but occasionally they are severe accompanied by 
periodic paralysis.

Affected subjects have suppressed renin levels consistent with salt-loaded state, 
while the aldosterone levels are typically low despite their hyperkalemia. Dietary 
sodium restriction (20 mmol/day) and/or low doses of thiazide diuretics can reverse 
hypertension and hyperkalemia of patients with GS [13, 22].

1.3 Apparent mineralocorticoid excess syndrome

Apparent mineralocorticoid excess (AME) syndrome is an autosomal recessive 
disorder due to the loss of functional mutations in HSD11B2 gene on chromosome 
16q22, and it is first described in the late 1970s [23].

Approximately 40 causative mutations in HSD11B2 have been identified in 100 
AME patients worldwide [24]. In AME syndrome, the function of 11β-HSD2 with a 
potential age-dependent decline in the activity [25] is impaired, and therefore the 
MR, which has the same affinity for both aldosterone and cortisol, is protected from 
cortisol activation by 11β-HSD2 activity under physiological conditions, is occupied 
and activated by cortisol, resulting in hypertension.

Affected patients display low birth weight, severe hypertension, polyuria and 
polydipsia, hypokalemia, low PRA, and low aldosterone in the classical AME syn-
drome which is caused by absolutely or essentially absent of the 11β-HSD2 activity.

While it may be mild when the mutant enzyme retains some activity [26], patients 
in this type present adult onset, mild-to-moderate hypertension, and normal potas-
sium. The diagnosis of AME is usually suspected in the setting on non-aldosterone 
dependent low-renin hypertension (LRH) with classic features of MR activation and 
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confirmed by a high cortisol/cortisone (F/E) ratio in the serum or urine, and/or genetic 
sequencing of HSD11B2 [27, 28].

It is notable that both glycyrrhizic acid and grapefruit juice are HSD11B2 inhibi-
tors and an excessive intake can induce clinical symptoms and laboratory findings 
of AME syndrome [29]. Baudrand and Vaidya conceived that lower cortisone levels 
(in combination with higher F/E ratio) were strongly associated with higher MR 
activity (lower renin activity and higher urinary potassium excretion) in patients 
suspected to have mild or non-classical AME [30].

The treatment for classic AME is low-dose dexamethasone in combination with 
MRAs or renal transplantation in extreme cases.

1.4 Congenital adrenal hyperplasia

Congenital adrenal hyperplasia (CAH) is an autosomal recessive disorder caused 
by defects in different enzymes involved in adrenal steroid production. Among 
them, the deficiency of 21-hydroxylase caused by CYP21A2 gene mutation is the 
most frequent cause of CAH (90–95%).

Affected patients present sodium loss but normal blood pressure, followed 
by 11β-hydroxylase deficiency which is caused by gene mutation of CYP11β1 
(5–8%), while the other defects are rare, including CYP17α1 gene mutation caused 
17α-hydroxylase (CYP17) deficiency [31].

The 11β-hydroxylase catalyzes the 11-deoxycortisol and 11-deoxycorticosterone 
(DOC) to cortisol and corticosterone, CYP11B1 deficiency impairs above function 
and results in low levels of cortisol and high levels of 11-deoxycortisol and 11-DOC 
and a shunting of metabolites into the androgen synthesis pathway.

Due to the mineralocorticoid function of DOC, two-thirds of the affected sub-
jects display hypertension at diagnosis, together with suppressed renin, low aldoste-
rone levels, and hypokalemia [32]. Due to the excessive androgens, patients present 
various degrees of virilization of female external genitalia and pseudo-precocious 
pubertal development in males, together with accelerated somatic growth, but 
premature closure of growth plates resulting in short stature in adulthood.

The diagnosis can be confirmed via elevated DOC and androgen levels and/
or genetic sequencing of 11β-hydroxylase. 17α-hydroxylase deficiency present a 
clinical phenotype sustained by a reduction in cortisol and adrenal and gonadal sex 
steroids production associated with an increase in DOC levels, featuring a clinical 
phenotype of mineralocorticoid excess. The deficiency of sex hormones results in 
hypogonadism in men and infantilism in women.

High levels of DOC result in MR activation, hypertension, and hypokalemia. 
Clinical examination of plasma cortisol, sex hormone precursors, and DOC is help-
ful for diagnosis, and ultrasound examination of genitals is helpful to understand 
the development of uterus, gonadal, and vagina.

Treatment involves glucocorticoid and MR antagonists to normalize blood pres-
sure and sex hormone replacement therapy [33].

1.5 Mineralocorticoid receptor activating mutations

In 2000, Geller et al. [34] first reported the single-gene genetic hyperten-
sion caused by the active mutation of mineralocorticoid receptor (MR), an 
autosomal dominant genetic disease, also known as the pregnancy aggravated 
hypertension.

Functional mutation is achieved through a substitution of leucine for serine at 
codon 810 (abbreviated as S810L) in the MR gene. The worsening in pregnancy is 
explained by the theory that progesterone activates the mutant S810L MR, where 
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progesterone typically antagonizes wild-type MR. So termination of pregnancy is a 
must for pregnant women to lower blood pressure.

While in males and non-pregnant females, cortisone and DOC activate the 
mutant MR and result in increased sodium reabsorption [35]. Surprisingly, spirono-
lactone is ineffective since its agonist effect on the mutant MR and it can increase 
MR activation paradoxically.

Treatment with sodium channel blockers such as amiloride to inhibit ENaC may 
be effective, the novel and potent nonsteroidal selective MR antagonist-finerenone 
may also be a useful option [36].

1.6 Glucocorticoid resistance syndrome

Glucocorticoid resistance syndrome (GRS) is an autosomal recessive or domi-
nant disease, caused by glucocorticoid receptor gene NR3C1 point mutation or 
deletion in the chromosome 5q31-q32 [37, 38].

Affected patients are characterized by a various degree of end-organ insensitiv-
ity to glucocorticoids, compensatory ACTH hypersecretion, excessive production 
of cortisol, adrenal androgens, and other adrenal steroids displaying mineralocorti-
coid activity. The classic phenotype of GRS is chronic fatigue and malaise, low renin 
hypertension, hypokalemia, and metabolic alkalosis.

Although female fetus virilization is extremely rare, affected children can dis-
play precocious puberty and premature adrenarche, and female patients can display 
acne, hirsutism, male pattern alopecia, and infertility.

The therapy is using overnight low-dose dexamethasone to suppress ACTH 
secretion, which improves ACTH-induced symptoms, and spironolactone can 
further help to control hypertension and female hirsutism.

1.6.1 Glucocorticoid remediable aldosteronism

Glucocorticoid remediable aldosteronism (GRA) is an autosomal dominant 
genetic disease [39], also known as familial hyperaldosteremia type I (FH-I), is the 
first identified monogenic hypertension.

CYP11B1 and CYP11B2 genes were identified as the culprit of FH-1 [40]. FH-I 
is a low renin hypertension characterized by severe early onset hypertension which 
is remediable by glucocorticoid, and is at high risk of experiencing cerebrovascular 
events at a young age, however milder phenotypes can coexist.

Stowasser et al. described the severity of the hypertension correlates with the 
sex: female subjects show a less-severe phenotype and a better prognosis [41].

GRA should be suspected when CT and other imaging examinations do not 
reveal adrenal cortical hyperplasia or tumor. Selective screening of GRA patients 
combined with typical clinical features can improve diagnostic level.

According to the Endocrine Society guideline, the diagnosis of FH-I should be 
pursued in patients younger than 20 years old with an onset of confirmed PA and in 
those who have a family history of primary aldosteronism or stroke at a young age 
(<40 years).

On the basis of positive dexamethasone suppression test as well as the 
18-hydroxycortisol >2 times the normal limit of 24 h urine or > 10 nmol/L, GRA 
may be considered; and if the chimeric genes of CYP11B2 and CYP11B1 were 
screened, the definite diagnosis can be made.

The first-line therapy is low doses of glucocorticoid, administered at bedtime 
to suppress the early morning ACTH. Treatment with mineralocorticoid receptor 
antagonist is the second line therapy, which may have same effect and avoids side 
effects of corticoid iatrogenic.
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1.6.2 Familial hyperaldosteremia type II

This type may be the most common form of familial hyperaldosteremia, and was 
first reported in 1991 by Gordon et al. [42].

Familial hyperaldosteremia type II (FH-II) is an autosomal dominant genetic 
disease with incomplete penetrance in which the pathogenic gene is located on 
chromosome 7p22, and the genetic basis has been very recently identified in germ-
line mutations in the CLCN2 gene, encoding Cl− channel ClC-2, which is expressed 
in adrenal zona glomerulosa [43].

Further studies are needed to establish the impact (in term of prevalence) of 
CLCN2 mutations on FH-II. Unlike FH-I, FH-II is not a glucocorticoid remediable 
form of primary aldosteronism, traditionally considered clinically and biochemi-
cally indistinguishable in a sporadic form. Some patients with FH-II had unilateral 
primary aldosteronism caused by aldosterone-producing adenomas and were surgi-
cally curable by unilateral adrenalectomy.

1.6.3 Familial hyperaldosteremia type III

Familial hyperaldosteremia type III (FH-III) was reported as a novel form of 
primary aldosteronism in 2008 [44] and the molecular basis is a germline mutation 
of the KCNJ5 gene, which is located on chromosome 11q24 and encodes for a K+ 
channel, GIRK4, also known as Kir3.4.

The prevalence of this disease is low, it was reported to be about 0.3% of all 
patients with primary aldosteronism. So far, 12 families and 6 germline mutations 
have been reported, most affected patients display extremely severe primary aldo-
steronism (type A) that requires bilateral adrenalectomy to control drug-resistant 
hypertension.

In 2012, 2 studies independently reported the G151E germline mutation in 
patients with milder hyperaldosteronism (type B), who had no adrenal hyperplasia 
and responded well to antihypertensive therapy.

The endocrine society guidelines recommend FH-III genetic testing (KCNJ5 
target gene sequencing) for all patients who have early onset of primary 
aldosteronism.

1.6.4 Familial hyperaldosteremia type IV

Familial hyperaldosteremia type IV (FH-IV) described by Scholl et al. [45] 
recently, is a rare form of familial primary aldosteronism. It is an autosomal 
dominant disease and caused by a germline mutation of CACNA1H, which 
locates on chromosome 16p13 and encodes for a T-type calcium channel, 
Cav3.2.

Mutations in CACNA1H showed drastically impaired channel inactivation and 
activation at more hyperpolarized potentials, increased intracellular Ca2+, and 
aldosterone production. Compared to FH-II patients affected in a sporadic form, 
this disease displays an incomplete penetrance and the affected patients did not 
display any peculiar biochemical characteristics.

1.7 Hypertension and brachydactyly syndrome

Hypertension and brachydactyly syndrome (HTNB), also named Bilginturan 
syndrome, is reported in a Turkish family by Bilginturan et al. [46] in 1973, which is 
characterized by severe salt-independent hypertension, a short stature, brachydac-
tyly, and death from stroke before the age of 50 years when untreated.
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It is autosomal dominant inheritance and full penetrance, and pathogenic genes 
at 12p12.2-p11.2 [47]. In 2015, Maass et al. [48] identified mutations in the PDE3A 
gene at 12p12.2 from 6 families with HTNB, which were heterozygous missense 
mutation.

These mutations were suggested to cause hypertension in the HTNB patients by 
increasing peripheral vascular resistance. HTNB is less reactive to β blockers, CCB, 
α blockers, and ACEI, combination therapy maybe more effective.

2. Conclusion

The disorders described above highlight the importance of the identification 
and diagnosis of monogenic hereditary hypertension. The gold standard for the 
diagnosis of monogenic forms of hypertension is gene detection. It attaches great 
significance to carry out gene detection for patients with hypertension who are 
clinically suspected.

Genetic testing can not only screen pathogenic genes to guide targeted therapy, 
but also screen the genes of the proband’s family to detect all individuals carry-
ing pathogenic genes, which is conducive to early detection, early treatment, and 
prenatal diagnosis of the disease.

Meanwhile, monogenic hypertension is a hereditary rare disease with relatively 
definite genes. The study on its genetic mechanism has greatly extended the under-
standing about the pathologic molecular mechanism of hypertension, which will 
help us to learn the correlation between hypertension and heredity more deeply.
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Chapter 8

The Rare Anaemias
Joan-Lluis Vives-Corrons

Abstract

Anaemia is a common worldwide disorder mainly due to iron or vitamins
deficiency. However, among the rare diseases (RD), there is a group associated with
anaemia as main clinical manifestation or rare anaemias (RA). RA are mostly heredi-
tary, and since they are little known, even for professionals, they remain undiagnosed,
or misdiagnosed, for very long periods of time. This creates in patients, or, in their
parents (if they are children) a permanent situation of stress due to the absence of a
diagnosis, the impossibility to predict the course of the disease, and to the impossibil-
ity to perform, genetic counselling for future pregnancies. About 83 different RA have
been described and their mechanism is in general a bone marrow or a red blood cell
(RBC) defect. The most well-known RA are Fanconi anaemia, the thalassemia syn-
dromes, sickle cell disease, hereditary haemolytic anaemias and paroxysmal nocturnal
haemoglobinuria (PNH). The main objective of this chapter is to offer a review of the
state of the art of RA knowledge and a way to facilitate their identification and final
diagnosis through clinical manifestations and laboratory diagnostic tests.

Keywords: anaemia, red blood cell erythropoiesis, haemoglobin, haemolysis,
haemoglobins, enzymes, membrane

1. Introduction

Anaemia is very common condition in human pathology that may result from a
wide variety of causes, either congenital or acquired. It is always the manifestation
of an underlying disease, and never a disease by itself. Haemoglobin concentration
(Hb) is the most reliable indicator of anaemia, but since its normal distribution at
population level varies with age, sex, and physiological status, the Word Health
Organization (WHO) has defined the existence of anaemia when Hb is less than
110 g/L in children and pregnant women, 120 g/L in non-pregnant women and
130 g/L in men. Moreover, measuring Hb is relatively easy and inexpensive, and
currently, all automated and semi-automated haematology analysers measure Hb
with great precision and accuracy. It is well known that iron deficiency in children
and women and chronic diseases in adults and elderly, is the most frequent cause
of mild to moderate anaemia worldwide [1, 2].

In general, there are three primary causes of anaemia: (1) Bone marrow eryth-
ropoietic defects associated with or without reduced haemoglobin synthesis.
(2) Haemolysis or excessive destruction of mature red blood cells (RBCs), and
(3) blood loss or bleeding. Anaemia can be the consequence of a single disease (e.g.
haemoglobinopathy, enzyme deficiency, etc.), but it can be also the expression of
external factors such as nutritional deficiencies, parasitic or viral infection, and
other. However, there is a group of anaemias that is considered rare because their
frequency in our population is less than 5 cases for 10,000 individuals. These are the
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so-called rare anaemias (RA), mostly of congenital origin [3]. RA are an important,
and relatively homogeneous group of rare diseases (RD), where anaemia is the first
and most relevant clinical manifestation of the disease. This importance was recog-
nized, for first time, by the European Commission (EC) that in 2002 approved the
co-financing of the DG-SANCO Project: “European Network for rare and congenital
diseases” (ENERCA; www.enerca.org). Interestingly, this Project started shortly
before the creation of the High Level Group (HLG) in 2004 that brought together
experts from all the Member States (MS) in several areas of RD expertise. For RA,
this was a great advantage, because it facilitated the progressive development of
ENERCA Project in parallel to the development of the different HLG areas of action:
(a) Patient safety and quality of care, (b) Health impact assessment and health
systems, (c) Health technology assessment, (d) European workforce for health
professionals, e) European reference networks, (f) Information and e-health and
more recently, (g) Cross-border healthcare purchasing and provision [4].

Before ENERCA, RA were almost unknown in Europe, including some health
professionals, because in many cases, the cause of the anaemia was not known and/
or there is no treatment available. Moreover, for many years, anaemias, in general,
have been underestimated by public health providers, due to its frequent
misdiagnosis with iron deficiency anaemia, the most frequent cause of anaemia
worldwide. ENERCA changed definitively this situation by developing three
consecutive phases with a total duration of 15 years (www.enerca.org). The first
ENERCA Project (ENERCA 1), starting in 2003, dedicated to congenital RA, only,
allowed the establishment of the necessary background for a sustainable coordina-
tion in the area of health information, collection of epidemiological data,
comparability issues, exchange of data and information within and between MS. At
this time, it also facilitated a rapid reaction to RA diagnosis and treatment. The
second ENERCA Project (ENERCA 2) starting in 2005, covered, in addition, to
congenital anaemias, other rare causes of anaemia, either hereditary or acquired,
and dedicated more and stronger activities to health Information, patient’s data
collection, education and training and quality assessment for special RA diagnostic
procedures. This has provided a first and unique approach for prevention, diagnosis
and treatment of RA in the word. The third ENERCA Project (ENERCA 3), starting
in 2009, was co-financed by the EC through its Executive Agency for Health and
Consumers (EAHC) and its objectives were parallel to the strategic objectives of the
EU Health Programme 2008–2013 consistent in the creation of a European Reference
Network (ERN) of Centres of Expertise (CEs) in Rare Anaemias (Figure 1).

After 2013, the EC has approved co-financing ENERCA Project for an additional
3 years period (2014–2016), with the aim of developing and implementing the new
e-health information and communication technologies (ICT) for assuring the same
access to health services in RAs across Europe, independently from the place of
residence. This new and last, but not least, ENERCA Project, called e-ENERCA, was
based, in part, on previous ENERCA projects achievements, but adapted to the
Directive 2011/24/EU of 9 March 2011 on the application of patients’ rights in cross-
border healthcare has become a very important tool for the promotion of Rare
Diseases (RD) European Reference Networks (ERN) that, within that general
framework, have provided the following benefits:

• Access to experts and expertise throughout the European MS for both patients
and health professionals, independently of the country of origin or practice,
reduce inequalities and maximize the cost-effective use of resources;

• Epidemiological surveillance throughout EU by gathering comparable data on
patients affected by RAs and allowing the implementation of preventive
programmes for tackling RAs;
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• Fostering of best practices for prevention, diagnosis and clinical management;

• Promotion of knowledge dissemination of share of expertise and support of
research, and increase awareness about RAs;

• Facilitate the transposition of the Directive 2011/24/EU of 9 March 2011 on the
application of patients’ rights in cross-border healthcare.

For maintaining its sustainability, in March 2016, ENERCA applied for the ERN
European Commission (EC) Call, by expanding the rare anaemias to all the other
rare haematological diseases (RHD), including oncological and non-oncological
diseases [5].

Figure 1.
European Network for Rare and Congenital Anaemias Map.
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Currently, the ERN for Rare Haematological Diseases (RHD), called
EuroBloodNet (www.eurobloodnet.eu), is one of the 24 recognized ERNs, and after
its second year of life, can be considered an acceptable tool for the improvement
RHD diagnosis and for the provision of high-quality healthcare to all patients who
have conditions requiring a particular concentration of resources or expertise. In
brief, EuroBloodNet will also provide focal points for medical training and research,
information dissemination and evaluation, and will contribute to the establishment
of national contact points for RHD. Up to now, however, only 66 Centres in Europe
are recognized as Health Care Providers (HCP) for RHD, a situation created by the
extremely different endorsement decisions of individual Members States (MS). So,
we have arrived to the astonishing situation in that many of the ENERCA experts,
well recognized by the state of the art and ENERCAWhite Book recommendations,
are not included as EuroBloodNet experts because they do not belong to an national
recognized Healthcare Provider (HCP) and cannot take participate in the Network
activities and/or take profit from their advantages. In order to overcome this
restraint, a new EC call for membership application to the existing European
Reference Networks (ERNs) has been launched on September 30, 2019.

Hereditary (>80%)

Erythropoietic defects (non-regenerative anaemias)

• Fanconi anaemia (FA)
• Diamond-Blackfan anaemia (DBA)
• Congenital dyserytropoietic anaemia (CDA)

RBC defects (regenerative anaemias)

• Thalassaemia syndromes (Cooley anaemia)
• Sickle-cell disease (SCD)
• Hereditary membranopathies

◦ Hereditary spherocytosis (HS)
◦ Hereditary elliptocytosis (HE)
◦ Hereditary stomatocytosis (HSt)

• Erythroenzymopathies
◦ Glucose-6-phosphate dehydrogenase deficiency (Favism)
◦ Pyruvate kinase deficiency (PKD)
◦ Ultra-rare erythroenzymopathies associated with or without muscular or neurological disease

Iron metabolism defects (non-regenerative anaemias)

• Congenital sideroblastic anaemia (CSA)
• Non-sideroblastic anaemias with microcytosis (IRIDA)*

Acquired (<20%)

Erythropoietic defects (non-regenerative anaemias)

• Bone marrow aplasia (BMA)
• Pure red cell aplasia (PRCA)
• Myelodysplastic syndromes (MDS)

RBC defects (regenerative anaemia)

• Paroxysmal nocturnal hemogobinuria (HPN)

Blood plasma abnormalities (regenerative anaemias)

• Autoimmune haemolytic anaemia (AIHA)

Microcirculation defects (regenerative anaemias)

• Haemolytic uremic syndrome (HUS)

*Iron refractory iron deficiency anaemia.

Table 1.
General classification of rare anaemias.
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2. Classification

The RA are classified into two main groups: Hereditary and acquired, and in these
groups, the mechanism of the anaemia can be sub classified into five different defects:
(1) bone marrow (erythropoietic), (2) peripheral blood (red blood cell), (3) iron
metabolism (sideroblastic and non-sideroblastic), (4) blood plasma (autoimmune
haemolytic anaemia and related syndromes) and (5) microcirculation (haemolytic
uremic syndrome and other microangiopathic disorders). This means that all RA are
the consequence of haematopoietic system defects leading to a low RBC production
(erythropoietic defects), or of RBC defects, either intrinsic or associated to plasma or
microcirculation disorders, leading to low RBC survival or haemolysis (Table 1).

ENERCA is actively contributing to the WHO Update Platform ICD-10 of
blood and blood forming organs. In this platform, anaemias, are classified into three
main groups: D50-D53 (nutritional anaemias), D54-D59 (haemolytic anaemias), and
D60-D64 (aplastic and other anaemias). This ICD classification includes all kind of
anaemias, hereditary, acquired, common and rare, and ENERCA has extracted the RA
group that has been individually listed in the ENERCAWeb page (www.enerca.org).

For practical purposes, according to their mechanism, prevalence and/or rele-
vant clinical and/or social impact in the European population, ENERCA has classi-
fied the Rare Anaemias into 10 different groups [6]:

Group 1. Haemoglobin disorders: Haemoglobinopathies and Thalassaemias.
Group 2. Hereditary Haemolytic Anaemias (HHA): Red blood cell

enzymopathies and membrane defects.
Group 3. Hereditary erythropoietic failure or aplasia: Diamond-Blackfan

anaemia (DBA) and Fanconi anaemia (FA),
Group 4. Congenital dyserythropoietic anaemias (CDA),
Group 5. Hereditary sideroblastic anaemias,
Group 6. Hereditary non-sideroblastic anaemias due to iron metabolism defects,
Group 7: Hereditary disorders of folic acid and cobalamin defects.
Group 8: Paroxysmal nocturnal haemoglobinuria (PNH),
Group 9: Anaemias due to rare complex mechanisms and.
Group 10: Anaemias of unknown origin (AUO).
The underlying cause of rare anaemias remains still unexplained in about 20% of

patients, almost one third of which might be accounted for myelodysplastic syn-
dromes. AUO can be also due to complex clinical situations and multifactorial
mechanisms, in general associated with systemic, non-haematological, hereditary or
acquired diseases. Their existence is a very important tackling exercise for clinical
and biological research.

3. Diagnostic approach

More than 80% of RA are hereditary and, therefore, have no curative treatment,
exception made of palliative therapies such as blood transfusions or erythropoietic
stimulating drugs (Erythropoietin). In clinical practice they may be some confusion
between RA and the anaemias that appear in the course of non-haematological or
systemic diseases, also called secondary anaemias. This confusion is due to the fact
that anaemia is not a disease, but a clinical manifestation, and some Rare Diseases
(RD) are associated with anaemia, moderate or severe. One example of this is the
Rendu-Osler disease (hereditary telangiectasia), a relatively well known RD where
anaemia, due to iron deficiency, is very common, and sometimes the first clinical
manifestation of the disease. Furthermore, the anaemias due to rare chronic
inflammatory diseases, vitamin deficiencies, immune diseases, malignancy, or other
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rare disorders, may probably be also considered RA, although they have not yet
been included in this group.

Hereditary RA, as in other RD, the low number of patients creates the need to
mobilize resources and their study can be efficient only if done in a coordinated
European scene of action level. Among hereditary anaemias, haemoglobinopathies
are the commonest genetic defect worldwide with an estimated 269 million carriers
[7]. They are the consequence of mutations in the globin genes, which are respon-
sible for the synthesis of haemoglobin, the main component of RBCs. These muta-
tions are leading to abnormal proteins (haemoglobin variants) or to a decreased
synthesis of globin chains (thalassaemias). In Europe, certain populations are par-
ticularly at risk of having a haemoglobinopathy. In Southern countries, their prev-
alence is higher than in central or northern Europe, but in all cases the prevalence is
less than 1 per 2000 individuals. For this reason, in Europe, haemoglobinopathies
and thalassaemias are considered a particular group of RD or RA. Whereas thalas-
saemia syndromes are inherent in the autochthonous European at risk groups
(Mediterranean anaemia), other haemoglobinopathies have been imported by
migration (Sickle-cell anaemia).

In general, the diagnosis of a RA is often prompted by pallor, noticed by the
patient, the family, and/or the General Practitioner (GP). Severity of clinical man-
ifestations is directly proportional to the acuteness of onset, and many patients do
not notice any symptoms when anaemia occurs insidiously. At the laboratory level,
the diagnosis of anaemia includes two main steps:

3.1 General diagnostic tests

General diagnostic tests always include a Complete Blood Count (CBC), the retic-
ulocyte count and the peripheral blood cell morphology examination. The CBC
includes four main parameters: (a) haemoglobin concentration (Hb), the key for
anaemia diagnosis, (b) RBC count or concentration of RBCs, given as number of cells
per litre of blood, (c) haematocrit or packed cell volume (PCV), given as the per-
centage of blood by volume that is occupied by the RBCs and (d) RBC indices or
calculations derived from (a), (b), and (c), of great help for the diagnosis and
classification of anaemias. These indices are automatically measured by modern
haematology full automated or semi-automated, analysers, and are mainly three:
(1) the mean corpuscular volume (MCV) or average size of the RBCs expressed in
femtolitres (fl), (2) the mean corpuscular haemoglobin (MCH) or average amount of
haemoglobin inside a single RBC expressed in picograms (pg) and (3) the mean
corpuscular haemoglobin concentration (MCHC) or average concentration of
haemoglobin in the RBC expressed as a percent. Sometimes the RBC distribution
width (RDW), a measure of the variation of RBC size, can be also used for anaemia
classification. Usually RBCs have a standard size of about 6–8 μm, but in certain
disorders, a significant variation in RBC size can be present. Here the RDW value is a
relatively good indicator of RBC size heterogeneity. RDW is especially useful to
differentiate iron deficiency (increased value) from thalassemia (normal value).
Reticulocyte count or number of circulating young RBCs (reticulocytes) is an impor-
tant complementary test which indicates the bone marrow capacity to overcome the
severity of anaemia [8]. Accordingly, anaemias due to RBC destruction (haemolysis)
are characterized by increased reticulocyte count (regenerative anaemias), whereas
anaemias due to erythropoietic insufficiency (aplasia or dyserythropoiesis) are char-
acterized by a lower than expected reticulocyte count from the severity of the anae-
mia (Non-regenerative anaemias). In thalassaemias, where erythropoietic insufficiency
coexists with some degree of haemolysis, the reticulocyte count may be variable.

The reticulocyte count and MCV are, up to now, the most useful criteria for
anaemia classification. According to MCV, anaemias are classified into microcytic

112

Rare Diseases



(low MCV), macrocytic (high MCV) and normocytic (normal MCV). The two main
causes of microcytic anaemias are iron deficiency and thalassaemia and the two
main causes of macrocytic anaemias are cobalamin (vitamin B12) and folic acid
deficiencies. Normocytic anaemias can be due to several different causes, not
related with nutritional defects or thalassaemia, being the most frequent haemolysis
and erythropoietic failure. Here, the reticulocyte count is the most useful test to
differentiate these two conditions. In clinical practice, the most frequent cause of
anaemia is iron deficiency (ID), characterized by a low MCV (microcytic anaemia).
In southern Europe countries with higher “at risk” thalassaemia population (Medi-
terranean basin), this hereditary disorder can be misdiagnosed as iron deficiency
anaemia (IDA) because of the low MCV (<82 fL) or microcytosis. Accordingly, in a
patient with microcytosis the first step is always to exclude ID. If present, iron
supplementation has to be given until the MCV recovers its normal value. However,
if after treatment, the MCV remains low, the coexistence of a thalassemic gene has
to be investigated. It should be mentioned that there are a number of conditions
where the MCV can falsely rose masking the main clue of thalassaemia diagnosis.
This is the case in some patients with thalassaemia who co-inherit another cause of
haemolytic anaemia leading to an increased reticulocyte count. This can falsely
increase the value of MCV and masking the diagnosis of thalassemia if only the
MCV is used for initial screening.

As part of the CBC, the blood film examination is sometimes very useful because
it may provide a clue to the diagnosis of a particular RBC defect [9]. Despite the
advances in automated blood cell counting, the blood film examination retains a
crucial role in the diagnosis of RBC disorders. This is particularly important in
haemolytic anaemias and in the differential diagnosis of macrocytic anaemias. RBC
morphology examination provides in some cases (e.g. red blood cell membrane
disorders, sickle-cell anaemia), a definitive diagnosis, but, more often, it suggests a
differential diagnosis that indicates further study. Morphological changes such as
basophilic stippling and target cells in the blood film are not definitively associated
with a haemoglobinopathy, but would be helpful findings in patients with moderate
or severe anaemia associated with low MCV (Thalassaemia intermedia, or Thalas-
saemia major). Finally, RBC morphology examination has also the advantage of
speed that may be important in severe anaemias such as those mentioned before.

3.2 Cause-oriented specific diagnostic tests

These tests are the next step for the identification of the cause of the anaemia or
of its mechanism. They include a group of laboratory procedures depending on
clinical or laboratory diagnostic orientation of the anaemia [8] and, when necessary,
a final genetic identification of the cause of the disease [10]. In order to provide a
first approach to the cause of the anaemia, several diagnosis oriented flowcharts can
be found in the literature, mainly based on the morphological classification of the
anaemia (microcytic, macrocytic and normocytic).

ENERCA website (www.enerca.org) provides practical flowcharts for the diag-
nostic orientation of anaemia. For this, three patient’s data have to be provided: sex,
Hb and MCV. If anaemia is detected, one of the three available flowcharts will
appear, depending on the MCV value: low (microcytic anaemia), high (macrocytic
anaemia) and normal (normocytic anaemia). These flowcharts are not exhaustive
and the final diagnosis always requires the advice of a health professional, but they
provide the basic information on how the investigation of anaemia causes can be
undertaken in routine clinical practice. Using these flowcharts the most frequent
RAs (haemoglobinopathies, thalassaemias and haemolytic anaemias) can be easily
recognized. Depending on the results of the recommended basic tests, more specific
tests (including molecular biology) can be performed. Some of these specific tests
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can also be performed in general haematology laboratories but other tests require to
be undertaken in specialized laboratories. In all the cases External Quality Assess-
ment Schemes (EQAS) are necessary for assessing the quality of practice or for
obtaining a technical qualification. Since the most specific tests are performed in
few specialized laboratories, local (national or regional) EQAS organizations cannot
establish a specific EQAS for these procedures due to its high cost. Accordingly, the
EQAS for these procedures have to be promoted at European level as ENERCA 3 has
done with some rare diagnostic tests for RA such as Pyruvate-kinase deficiency
(PKD).

4. Rare Anaemias due to bone marrow defects

Bone marrow failure syndromes (BMFS) are multisystem diseases that are char-
acterized by varying degrees of deficiency in the production of haematopoietic
cells, which can range from the depletion of a single cell lineage (cytopenia) to that
of multiple lineages or even of all lineages (pancytopenia). The most well-known
acquired BMFS is aplastic anaemia (AA).This causes a deficiency of all three blood
cell types (pancytopenia): red blood cells (anaemia), white blood cells (leukopenia),
and platelets (thrombocytopenia) and aplastic refers to the inability of stem cells to
generate mature blood cells. It is more frequent in people in their teens and
twenties, but is also common among the elderly [11]. It can be caused by heredity,
immune disease, or exposure to chemicals, drugs, or radiation. However, in about
half the cases, the cause is unknown. The definitive diagnosis is by bone marrow
biopsy; normal bone marrow has 30–70% blood stem cells, but in aplastic anaemia,
these cells are mostly gone and replaced by fat. First line treatment for aplastic
anaemia consists of immunosuppressive drugs, typically either anti-lymphocyte
globulin or anti-thymocyte globulin, combined with corticosteroids and cyclospor-
ine. Haematopoietic stem cell transplantation is also used, especially for patients
under 30 years of age with a related matched marrow donor [11]. Congenital BMFS
are, as AA, multisystem diseases characterized by varying degrees of deficiency in
the production of haematopoietic cells, which can range from the depletion of a
single cell lineage (cytopenia) to that of multiple lineages or even of all lineages
(pancytopenia). In general they are monogenic diseases with high genetic hetero-
geneity and phenotypic overlapping, so a bone marrow and genetic analysis is
required to reach a correct diagnosis [12]. They are ultra-rare diseases with a usual
presentation during childhood and with an incidence of one to two cases per one
million individuals. In almost all cases they are associated with morbidity and
mortality, requiring lifelong blood transfusions, treatment of infections, growth
factors and transplantation of haematopoietic progenitors. Likewise, they present a
high risk of developing haematologic cancer or solid tumours and a high toxicity to
treatment, which leads to a lower life expectancy. The most relevant aspects of
some of these syndromes are the following:

4.1 Fanconi anaemia (FA)

FA (OMIM 227650) is a hereditary disease with a predominantly autosomal
recessive pattern and in one case linked to chromosome X. Its prevalence in the
general population is estimated at two to five cases per one million individuals, with
an estimated incidence of 1/131,000 births. 21 different gene mutations have been
identified so far to be a cause of congenital aplasia [13]. In most cases, each of the
parents carries one of the pathogenic variants, with three exceptions: male patients
of the FA-B subtype (FANCB gene), patients of the FA-R subtype (RAD51 gene),
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and the cases in which one of the two variants is de novo (not present in the parents
or present in only some of the gametes of one of the parents). The gene FANCB is a
gene linked to the X chromosome, so that women are asymptomatic carriers of the
pathogenic variant. From the clinical point of view, FA is considered as a syndrome
of chromosomal instability with a high spectrum of clinical manifestations that can
be grouped into congenital malformations, endocrine dysfunction, haematological
abnormalities such as severe cytopenias, myelodysplastic syndrome (MDS) or acute
myeloid leukaemia (AML) Moreover, a predisposition to develop tumours and
chromosomal fragility has been noted and in about 30% of the patients do not
present congenital malformations and are only diagnosed at the time when the
disease debuts with the haematological abnormalities [13]. To make a diagnosis, it is
necessary to confirm the chromosomal fragility by cytogenetics [14] and until a few
years ago, genetic testing was not part of the routine clinical analysis of AF patients,
partly because it was considered sufficient with the cytogenetic confirmation of the
diagnosis (chromosomal fragility) and the subtype of the patient, and on the other
hand, because the mutational analysis was boring. However, with the implementa-
tion of new high-throughput sequencing technologies [15], subtyping and muta-
tional study are now achieved at the same time, sequencing all AF genes in the same
assay, and even identifying new genes involved (Table 2). However, this approach

FA Subtype FA mutated Gen Chromosome location Protein

A FANCA 16q24.3 FANCA

B FANCB Xp22.31 FANCB

C FANCC 9q22.3 FANCC

D1 FANCD1/BRCA2* 13q12.13 BRCA2

D2 FANCD2 3p25.3 FANCD2

E FANCE 6p21–22 FANCE

F FANCF 11p15 FANCF

G FANCG 9p13 FANCG

I FANCI 15q25-26 FANCI

J FANCJ/BRIP1* 17q22-24 BRIP1

L FANCL 2p16.1 FANCL

M FANCM 14q21.3 FANCM

N FANCN/PALB2* 16p12.2 PALB2

O FANCO/RAD51C* 17q25.1 RAD51C

P FANCP/SLX4 16p13.3 SLX4

Q FANCQ/ERCC4 16q24.3 XPF

R FANCR/RAD51 15q15.1 RAD51

S FANCS/BRCA1 17q21.31 BRCA1

T FANCT/UBE2T 7q36.1 UBE2T

U FANCU/XRCC2 7q36.1 XRCC2

V FANCV/REV7 1p36.22 MAD2L2

W FANCW/RFWD3 16q23.1 FANCW
*Gene defects that predispose to the development of cancer in FA carriers.

Table 2.
Genetic subtypes and genes which mutation are implicated in the development of Fanconi anaemia.
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can cause errors in these patients, due to the broad mutational spectrum of the
disease and because all the genes related to the disease have not yet been described.
For this reason, it is advisable to always start the diagnosis by the mutational study
in patients with a positive chromosomal fragility for AF. With regard to treatment,
in addition to correcting, as far as possible, some of the congenital malformations, it
is essential to carry out a haematological follow-up in order to identify early signs
and symptoms of bone marrow (BM) failure. Current guidelines recommend
tracking blood counts every three to four months, and an annual bone marrow
aspirate. Treatment should be initiated depending on the patient’s clinical commit-
ment and continue with it in accordance with the response to it. Support measures
include transfusions of red blood cells or platelet concentrates, or the use of colony /
cytokine stimulating factors. Currently, the only curative treatment for bone mar-
row failure in these patients is the allogeneic haematopoietic stem cell transplant
(HSCT) from suitable donors. Finally, the correct and early diagnosis of AF does
not only allow the discarding of other diseases, but fundamentally enables the
proper management of their haematological alterations and genetic counselling to
the individual and his family in case of successive pregnancies. In addition, in
families with mutations in genes predisposing to cancer, it allows adequate moni-
toring and risk assessment in family members.

4.2 Diamond-Blackfan anaemia (DBA)

DBA (OMIM 105650), is a rare disease with a dominant autosomal inheritance
pattern. No differences were observed between men and women (ratio 1:1) and the
short stature is the most frequent anomaly followed by alterations in the thumb.
Other less frequent anomalies have been described, such as craniofacial alterations,
cleft lip, cleft palate and short neck. In DBA, the first description was a pure neonatal
anaemia that required transfusion support. At present, about 1000 cases have already
been described in the literature, and approximately 25% of them have at least one
congenital anomaly. The average age for diagnosis is 3 months, ranging from birth to
64 years of age, with 98% of cases diagnosed in the first year of life. DBA has its
molecular basis in heterozygous mutations in the genes encoding the components of
either the small 40S or the large 60S ribosomal subunits that affect the processing of
ribosomal RNA. Recently, DBA has also been related to mutations in the GATA-1

DBS Subtypes % of patients Locus Mutated Gene Protein

AD 25 19q13.2 RPS19 RPS19

AD 2 10q22–23 RPS24 RPS24

AD 1 15q25.2 RPS17 RPS17

AD 7 1p22.1 RPL5 RPL5

AD 5 1p36.11 RPL11 RPL11

AD 3 3q29 RPL35A RPL35A

AD 1 2p25.3 RPS7 RPS7

AD 7 6p21.31 RPS10 RPS10

AD 3 12q13 RPS26 RPS26

AD <1 17p13.1 RPL26 RPL26

AD <1 14q21.3 RPS29 RPS29

AD <1 18q21.1 RPL17 RPL17

AD <1 3p24.2 RPL15 RPL15
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transcription factor [16], but about 45% of patients with ADB lack mutations in these
identified genes, as shown in Table 3. It is likely that the genetic defects in this
pathology accelerate the apoptosis of erythroid progenitor cells, since it has been
shown that MDM2, a central regulator of p53, that acts as a ubiquitin ligase that leads
to the degradation of p53, binds specifically to several free ribosomal proteins. From
the clinical point of view, the diagnosis of DBA is complex. Blood counts generally
show a macrocytic anaemia with reticulocytopenia, as well as elevated Hb F and RBC
adenosine deaminase (ADA) in more than 85% of patients. In the bone marrow,
a pure erythroblastopenia without abnormalities in the other haematopoietic cell lines
is characteristic. The cumulative incidence for MDS, AML, and some solid tumours
(osteosarcoma, Hodgkin’s lymphoma) has been estimated at 20% at 46 years, which
implies an increased risk of developing cancer. The treatment is based on the response
of a large number of patients to steroids. However, it is advised not to perform this
treatment until after the first year of age. Until then, and in those patients who do not
respond to steroids, or who require them at very high doses, the only treatment will
be adequate transfusion support with packed red blood cells. The only curative
treatment for the disease is the HSCT, provided the existence of an identical HLA
family donor [11].

4.3 Congenital dyserythropoetic anaemia (CDA)

CDA is, in fact, a heterogeneous group of defects of erythropoiesis with medullary
abortion of the erythroblasts before maturing to reticulocytes (dyserythropoiesis), and
important erythrocyte morphology abnormalities. Clinically, CDA is characterized by
anaemia, usually macrocytic, and iron overload. To date, five clinical forms of CDA
have been described: CDA I, CDA II, CDA III, CDA IV and CDA with thrombocyto-
penia [17]. The first two (CDA I and CDA II) have an autosomal recessive hereditary
pattern and the other two (CDA III and CDA IV) are autosomal
dominant. Thrombocytopenia with CDA has an inheritance linked to the X chromo-
some. The two best known CDAs are CDA I (OMIM 224120) characterized by a
marked dyserythropoiesis and frequent inter nuclear chromatin bridges and CDA II
(OMIM 224100), characterized by marked dyserythropoiesis associated with erythro-
blastic binuclearity or multinuclearity, and the presence of erythroblasts with double
cell membrane (Figure 2). CDA III (OMIM 105600) is a ultra-rare disease where the
marked dyserythropoiesis is associated with severe nuclear size and chromatin mor-
phological abnormalities that resemble an erythroleukemia or Di-Guglielmo disease.

CDA I is due to mutations of the CDAN1 gene or less frequently to mutations
of the C15ORF41 gene, In a small percentage of cases the mutation is unknown.

DBS Subtypes % of patients Locus Mutated Gene Protein

AD <1 17p13.1 RPL26 RPL26

AD <1 17q12 RPL19 RPL19

AD <1 2q11.2 RPL31 RPL31

AD <1 8q12.1 RPS20 RPS20

AD <1 19p13.2 RPS28 RPS28

LX <1 Xp11.23 GATA-1 GATA1

Unkown 40 — — —

Source: [35].

Table 3.
Genetic subtypes and genes implicated in Diamond-Blackfan anaemia (DBA).
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In CDA II, the disease is due to mutations of the SEC23B gene and in CDA III, its
most frequent gene mutation is the KIF23 gene.

5. Rare Anaemias due to red blood cell defects

RBC defects can be classified into two main groups: (a) Hereditary or intrinsic
defects due to structural or functional abnormalities of RBC components
haemoglobin (haemoglobinopathies), membrane (membranopathies) and enzymes
of metabolism (enzymopathies), and (b) Acquired or extrinsic defects due to blood
plasma or vascular abnormalities. In both cases the consequence is a haemolytic
syndrome characterized by anaemia of variable severity associated with a compen-
satory increase of bone marrow erythropoiesis and of circulating reticulocytes. In
addition to anaemia, the haemolytic syndrome is characterized by three main clin-
ical manifestations 1. reticulocytosis, 2. splenomegaly and 3. jaundice [18].

5.1 Haemoglobinopathies

Haemoglobinopathies are the most frequent RBC defects in comparison with
membranopathies and erythroenzymopathies that in many cases can be considered
ultra-rare anaemias (prevalence <1 case per 106 inhabitants). All these diseases are
more frequent in Southern Europe than in Central or Northern Europe, and their
clinical expression is always an hereditary haemolytic anaemia [19, 20]. Haemoglo-
binopathies are the consequence of globin gene mutations that can alter the syn-
thesis (thalassaemias) or the structure of haemoglobin (structural
haemoglobinopathies). Its worldwide prevalence is around 269 million carriers, and
in Europe there are risk populations, especially for thalassemia, which are located in
the geographical regions surrounding the Mediterranean basin (Mediterranean
Anaemia).

The most frequent haemoglobinopathy is HbS (OMIM 603903), prevalent in
African populations due to the protection that it has offered against malaria. HbS is
the result of substitution of valine for glutamic acid in the sixth position of the
globin beta chain and in its homozygous form or combined with other haemoglobi-
nopathies, is responsible for sickle cell disease (SCD) that consists in haemolytic
anaemia associated with severe vaso-occlusive crises and pain due to multiple
micro-infarcts [21]. These crises are triggered by hypoxia that decreases HbS

Figure 2.
Typical bone marrow picture of Congenital Dyserythropoietic Anaemia type II also known by hereditary
erythroblastic multinuclearity with positive acidified serum lysis (HEMPAS) test.
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solubility leading to a characteristic RBC shape distortion (sickle cell) and to a
drastic decrease of deformability (Figure 3) Over the last 30 years, it has been
observed a significant increase due to the immigration impact of populations from
other geographical areas, mainly from Sub-Saharan African regions but also from
Asia and Central America, where this disease is very prevalent. Currently, the
neonatal screening programs allow an early diagnosis of the disease and its preven-
tive treatment from the first years of life and, as a consequence, the frequency of
complications have significantly reduced, and mortality during early childhood
dramatically decreased [22]. There is no specific treatment for SCD, although in
severe cases, the administration of hydroxyurea (HU) is recommended since, as the
concentration of HbF increases, the frequency of vaso-occlusive crises, the need for
transfusions, and especially the onset of the acute thoracic syndrome decrease. In
addition to HbS, there are other structural haemoglobinopathies of clinical interest
such as HbS, HbJ HbD and unstable haemoglobins that precipitate, and inclusion
bodies or Heinz bodies are formed (Figure 4). Clinically, they present with a
chronic haemolytic syndrome of variable severity and unlike the SCD, patients
presents an autosomal dominant pattern of inheritance.

Figure 3.
Sickle-cells in a SCD patient with vaso-occlusive crisis.

Figure 4.
Howell Jolly bodies in a patient with unstable haemoglobin.
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5.2 Thalassaemias

Thalasaemias are due to the decrease in the synthesis of a globin chain (alpha or
beta), due to absence, diminution or defective translation of specific messenger RNA
(mRNA) caused by deletions or point mutations of the globin genes. While point
mutations predominate in beta genes, large deletions are more frequent in alpha
genes. According to the type of mutation and the intensity of the synthesis decrease,
the severity of the clinical picture can bemore or less intense [23]. In beta thalassemia
the milder forms consist of a slight or moderate hypochromic andmicrocytic anaemia
(thalassemia trait) whereas the more severe clinical forms can be classified as “thal-
assemiamajor” or “thalassemia intermedia” depending on the severity of the anaemia
and the periodic transfusion requirements, respectively. In alpha thalassemia, as the
genetic cluster has two genes, the mutation of a single allele, relatively common in
Southern Europe in characterized by a moderate microcytosis (MCV around 80 fl)
without anaemia alpha thalassemia trait, whereas if more than one allele is affected
more severe forms of alpha-thalassemia occur The mutation of three alleles gives rise
to the so-called haemoglobinopathy H, a clinical form very similar to intermediate
beta thalassemia but with the presence of HbH or beta-globin tetramers, a result of
the excess or imbalance of beta chains due to the decrease of alpha chains. The
complete loss of the four alleles (homozygous alpha-thalassemia) is incompatible
with life (hydrops faetalis).

Diagnosis of both forms of thalassemia is based on the data provided by the CBC
and the study of haemoglobins by electrophoresis or high-performance liquid chro-
matography (HPLC). In the case of beta thalassemia trait an increase in the HbA2
fraction is always observed, whereas in alpha thalassaemia trait the haemoglobin
pattern is normal and a molecular study is mandatory. An accurate family study is
also very important to prevent diagnostic errors and the application of unnecessary
treatments. In addition, an appropriate identification of the carrier condition allows
the identification of couples at risk.

The treatment of severe clinical forms of β-thalassemias has been historically
based on blood transfusions and iron chelation therapy. The only curative therapy
currently available is allogeneic haematopoietic stem cell transplant (HSCT) from
suitable donors. However, with the limited pool of suitable donors, HSCT remains
unavailable for many thalassemic patients. They may instead benefit from globin
gene therapy and other modalities, which exploit recent advances in understanding
of globin gene regulation [24].

5.3 Membranopathies

Membranopathies are due to structural or functional defects of the RBC mem-
brane proteins. In general, they are inherited as autosomal dominant pattern but
transmitted with a recessive character. Hereditary spherocytosis (HS; OMIM
182870, 182,900, 270,970, 612,653, 612,690) is the most frequent cause of HHA in
Caucasians due to a defect of membrane skeletal proteins that cause vesiculation
and partial loss of the same with the decrease in surface/volume ratio and formation
of spherocytes (Figure 5). Proteins affected in HS are beta-Spectrin (SPTB-1)
Ankyrin and Band 3, and haemolysis occurs almost exclusively in the spleen, lead-
ing to frequent severe splenomegaly. Along with splenomegaly, several complica-
tions of HHA can be frequently observed in HS such as, intermittent jaundice and
increased bilirubin pigments leading to premature gallstone formation, transient
erythroblastopenia crisis due to parvovirus B19 infection, folic acid deficiency and
torpid malleolar ulcers [25]. In general, physicians become more familiar with
diagnosing HS in the newborn period, fewer neonates with HS will develop
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hazardous hyperbilirubinemia or present to emergency departments with unantici-
pated symptomatic anaemia. The early suspicion, prompt diagnosis and treatment,
using anticipatory guidance, will prevent adverse outcomes in neonates with
HS [26].

The diagnosis of HS is based on the triad: (1) anaemia with jaundice, (2) severe
splenomegaly and (3) spherocytosis, easily demonstrated by the peripheral blood
morphological examination (Figure 5). Currently the diagnosis of HS can be easily
performed by measuring RBC deformability and osmotic gradient ektacytometry
(OGE) using the new generation LoRRca Osmoscan from Mechatronics [27].
Curves obtained with this device allow a clear distinction between hereditary
spherocytosis and the other RBC hereditary membranopathies, elliptocytosis and
xerocytosis (Figure 6). The implementation of the automated haematological
analysers that determine the CCMH by means of a direct system, allows us to use
this magnitude as a criterion of HS when it is increased in the presence of an
elevated reticulocyte count. Finally, the use of the EMA-binding test technique is
currently being implemented as a reference technique, especially in the diagnosis of
HS, together with ektacytometry. This test is based on the measurement of the
fluorescence intensity in RBCs after incubation with a fluorochrome, eosin-5-
maleimide (EMA) that binds specifically to the anion transporter (Band 3) and
decreases when Band 3 decreases.

Another hereditary membranopathy is hereditary elliptocytosis (HE, OMIM
109270, 130,600, 179,650, 225,450, 611,804), with milder clinical expression when
compared to HS, but with the presence of more than 30% of circulating elliptocytes
in peripheral blood (Figure 7). Like HS, HE is due to a skeletal protein defect, mainly
alpha-Spectrin (SPTA-1) and Band 4.1 that alters the elasticity of the membrane
preventing its recovery after elongation [28]. There is no loss of membrane and,
therefore, CCMH is normal. OGE profile (Osmoscan) shows here a characteristic
curve that is different from HS (Figure 6). In severe clinical forms of HE known as
hereditary pyropoikilocytosis (HPP) the SPTA-1 gene mutation in heterozygous
state is associated “in trans” with a SPTA-1 “Lely”mutation leading to severe HHA
with markedly abnormal RBC morphology and decreased heat stability (Figure 8).

Finally, there is a very rare form of membrane disease called hereditary
stomatocytosis (OMIM 194380, 185,000) which most relevant characteristic is the
presence of RBC with an elongated central pallor instead of a round one (Figure 9).
Its genetic and molecular mechanism is poorly understood, although it is known
that in all forms there is a disorder of the permeability to sodium or potassium ions
by which the RBC can be hydrated or dehydrated. These disorders of erythrocyte

Figure 5.
Circulating peripheral blood spherocytes in a patient with hereditary spherocytosis.
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hydration are classified as primary, due to inherent disorders of erythrocyte volume
regulation, and secondary, due to other disorders affecting the erythrocyte that
secondarily influence cell hydration. In general, the degree of perturbation of water
and ion content parallels the degree of haemolytic anaemia [29].

Overhydrated stomatocytosis (OHSt) or hereditary hydrocytosis refers to a rare,
heterogeneous group of disorders with haemolytic anaemia and large numbers of
stomatocytes on peripheral blood smear (Figure 9). OHSt is associated with mark-
edly increased sodium permeability of the membrane from 10 to 40 times normal.
This leads to a significant increase in intracellular sodium with a lesser decrease in
intracellular potassium, resulting in increased total mono-valent cation content and
increased intracellular water. Erythrocyte membranes from many OHSt patients

Figure 6.
Osmotic gradient ektacytometry (OGE) profiles from Osmoscan (LoRRca) in different hereditary
membranopathies. EI: Elongation Index.
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lack stomatin, but mutations have not been found in the gene of affected patients
and erythrocytes from stomatin knockout mice are normal. There is a variant of
OHSt variant known as Cryohydrocytosis in which patient erythrocytes exhibit
minimal to mild changes in cation leak at physiologic temperatures, but a marked
increase in monovalent cation permeability at low temperature, typically 5°C.
Erythrocytes demonstrate a sphero-stomatocytic morphology on peripheral smear.
Heterozygous missense mutations in band 3, the anion exchanger (SLC4A1), have
been identified in some cryohydrocytosis patients [29]. Dehydrated stomatocytosis
or hereditary xerocytosis (HX) syndromes, are the most common primary disorders
of erythrocyte hydration and are the most clinically heterogeneous. HX erythro-
cytes are dehydrated due to a cation leak, primarily of potassium, that leads to
decreased potassium concentration. Because the cation leak is not accompanied by a
proportional net gain of sodium and water, cellular dehydration ensues. Peripheral
blood smear reveals few target cells, and occasional dessicytes (erythrocytes with
haemoglobin puddled to one side), and rare stomatocytes. MCHC is increased
(34–38 g/dL), and RBC osmotic fragility is decreased, both reflecting cellular dehy-
dration [30]. Osmotic gradient ektacytometry (LoRRca Osmoscan) reflects a char-
acteristic pattern of mixed reduced deformability index and dehydration given by a
leftward shift of the minimal osmolality point (Figure 6).

When studied at the genetic level, in most cases of HX, mutations in PIEZO1
have been identified. PIEZO proteins are ion channels mediating mechanic sensory
transduction in mammalian cells, and PIEZO1 is a large integral membrane protein

Figure 8.
Peripheral blood MGG stained examination of a newborn with hereditary pyropoikylocytosis (HPP).

Figure 7.
Ellyptocytes in a patient with hereditary elliptocytosis.
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with numerous transmembrane domains that assemble into a homo-multimeric
complex fully active as a mechanic sensitive cation channel [29]. A few HX patients
do not have mutations in PIEZO1, but instead have mutations in the Gardos chan-
nel, encoded by KCNN4. The role of Gardos channel in normal erythrocytes has not
yet been defined, butin HX-associated mutant KCNN4 channels demonstrate alter-
ations in channel kinetics and trafficking. Clinically, HX patients with KCNN4
mutations experience variable degree of anaemia and RBC dehydration with typi-
cally more severe forms than in PIEZO1-mutant HX patients [29].

Treatment of HHA due to RBC membrane defects are always palliative,
depending on the severity of anaemia. In HS, splenectomy allows a complete
recover of haemoglobin concentration, whereas in the HE this recovery is only
partial. In HS, splenectomy is not recommended because it facilitates thrombotic
events due to an increased thrombophilia.

5.4 Erythroenzymopathies

Erythroenzymopathies are hereditary diseases due to a defect of RBC metabo-
lism, in general an enzyme deficiency, that can be associated with an haemolytic
crisis, a chronic haemolytic anaemia (HHA), neonatal cyanosis with metahaemo-
globinemia or c) hereditary erythrocytosis. An association between enzymatic
defect and HHA has been described in 14 of the 38 enzymes that make up the
erythrocyte metabolism (Table 4). Some enzymatic defects produce haemolysis
only under cellular stress produced by infections, oxidizing drugs or by the intake of
fava beans. Other enzymatic deficiencies are associated with chronic non-
spherocytic haemolytic anaemia (CNSHA). On some occasions, the expression of
the deficiency is not restricted to the erythrocyte, but extends to other tissues,
mainly the neurological, hepatic or muscular tissues, and a neuropathy,
hepatopathy or myopathy, respectively, associated with anaemia appears. The RBC
is especially sensible to enzymopathies because, unlike other cells, it cannot
resynthesize the deficient enzymes because it lacks a nucleus and ribosomes. Enzy-
matic deficiencies occur when one of the enzymes of the reduced RBC metabolism
is unstable and disappears very quickly, or has lost catalytic functionality and lacks
activity. In the mature RBC there are two fundamental metabolic pathways: (1) the
anaerobic glycolysis, by which glucose is used to generate ATP and (2) the aerobic
pentose phosphate pathway (PPP), by which it eliminates any oxidative aggression
to generate NADH and NADPH (Figure 10). ATP is used to meet energy require-
ments and NADH to reduce methaemoglobin. The NADPH is used to reduce the
oxidized glutathione (GSH) which, in turn, is required to maintain the sulfhydryl
groups of proteins in a reduced state and to detoxify hydrogen peroxide

Figure 9.
Typical RBC morphology in a patient with hereditary stomatocytosis.
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(Figure 11). Enzymopathies have been described in both metabolic pathways.
Glucose-6-phosphate dehydrogenase (G6PD, OMIM 300908, 134,700) is the most
frequent antioxidant system, and shows hereditary transmission linked to sex. It is
especially frequent in Africa, Asia and in the Mediterranean region (Greece and
Italy, mainly) and, due to its polymorphic nature, it has many variants, among which
the G6PD A-, predominant in black people, and the G6PD (�) Mediterranean, pre-
dominant in Caucasians. In G6PD A-forms, the enzyme is unstable but enzymatic
activity is almost normal in reticulocytes, whereas in Mediterranean G6PD variants,
the enzyme is even more unstable, and its activity is very low even in reticulocytes.
This explains that in G6PD A-carriers, the acute haemolytic episode is self-limited and
the recovery of the anaemia is faster than in the carriers of Mediterranean G6PD
variants. Clinically, the G6PD deficiency occurs with haemolytic crisis sometimes
associated with severe anaemia, in general triggered by the intake of oxidant sub-
stances, like fava beans (favism), or certain oxidizing drugs. Due to this, the carriers of
a G6PD deficiency can remain asymptomatic for many years, until a contact occurs
with the substances that may trigger the haemolytic crisis. Among the drugs that can
induce haemolysis in G6PD deficiency, can be mentioned certain analgesics,
sulphonamides, antimalarials, and antibiotics [31]. Favism, a severe haemolytic anae-
mia induced by fava beans ingestion or exposure to pollen from the plant, is the most
frequent clinical manifestation in caucasians bearing the deficient G6PDMediterra-
nean variant, but also the G6PD A (�) variant (G66PD Betica). There are also ultra-
rare forms of G6PD deficiency that do not obey to polymorphic variants but to

Enzyme deficiency Prevalence Inheritance Haemolysis Comments

Hexokinase (HK) Ultra-rare Recessive Yes (+++) Low 2,3DPG level, poor tolerance of
anaemia, 20 cases described.

Glucose phosphate
isomerase (GPI)

Very rare Recessive Yes (++) 45 cases, 24 mutations re- ported;
deficiency extended to leucocytes
and platelets

Phosphofructokinase
(PFK)

Very rare Recessive Variable 35 reported cases; variable degree of
haemolysis and myopathy

Aldolase (ALD) Ultra-rare Recessive Yes 3 cases reported

Triosephosphate
isomerase (TPI)

Very rare Recessive Yes Severe generalized disorder;
widespread tissue involvement;
neurologic, infectious and cardiac
complications, 12 mutations
described

Phosphoglycerate
kinase (PGK)

Ultra-rare X-linked Yes, usually Mental retardation and neurologic
disturbances in hemizygous men;
specific amino acid substitutions
identified in 7 variants

Enolase (ENOL) Ultra-rare Dominant Yes 3 cases described

Pyruvate kinase (PK) The most
common
glycolytic
defect

Recessive Yes First described and best studied
defect, prototype for the
group. 1:20,000 affected in the
general population, 180 mutations
described

Lactate
dehydrogenase
(LDH)

Ultra-rare Recessive No 7 cases described, myopathy with
lack of M-subunit

Table 4.
Erythroenzymopathies of the glycolytic pathway.
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sporadic variants that present with a chronic haemolytic syndrome (CSSHA). Other
factors that can induce haemolysis in the G6PD deficiency are viral infections, espe-
cially influenza and hepatitis, diabetic ketoacidosis, and other different situations
called of “stress.” The diagnosis of G6PD deficiency is based on the clinical history, and
the exclusion of the autoimmune mechanism through the negativity of the direct
antiglobulin test (DAGT) or Coombs test. During the haemolytic crisis, the observa-
tion of the smear shows the presence of eccentrocytes or RBCs subjected to oxidative
stress where haemoglobin is pushed off to one part of the cytoplasm (Figure 12).
For screening purposes, the fluorescent spot test is used based on demonstrating the
formation of NADPH (fluorescent) from NADP (non-fluorescent) in the Beutler’s
G6PD fluorescence spot test or the reduction of methaemoglobin in the presence of
methylene blue.

Figure 10.
Anaerobic glycolysis and antioxidant metabolic pathways of red blood cells. Abbreviations: BPG,
bisphosphoglyceric acid; DHAP, dihydroxyacetone phosphate; F6P, fructose 6-phosphate; FDP, fructose-1,6-
diphosphate; G3P, glycerol 3-phosphate; G3PD, glyceraldehyde 3-phosphate dehydrogenase; G6P, glucose 6-
phosphate; G6PD, glucose-6-phosphate dehydrogenase; GCS, glutamylcysteine synthetase; GPI, glucose-
phosphate isomerase; GS, glutathione synthetase; GSH, glutathione; GSSG, glutathione disulfide; HK,
hexokinase; LD, lactate dehydrogenase; NADP, nicotinamide adenine dinucleotide phosphate; PEP,
phosphoenolpyruvic acid; PFK, phosphofructokinase; PG, phosphoglyceric acid; PGK, phosphoglycerate kinase;
PK, pyruvate kinase; Ru5P, ribose-5-phosphate isomerase.

Figure 11.
Anti-oxidant system present in RBC to protect the cells against the oxidant threat generated by the ingestion of
oxidant drugs of fava beans (favism).
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The pyruvate kinase deficiency (PKD, OMIM 266200) is the most frequent
enzyme of anaerobic glycolysis (Embden-Meyerhof pathway) and the most fre-
quent cause of hereditary haemolytic anaemia (HHA), after hereditary
spherocytosis [32]. It is an enzymopathy much less frequent than G6PD deficiency
and its diagnosis requires the quantification of enzymatic activity in patient’s
haemolysates. Since haemolytic anaemia in PK deficiency is always due to mutations
in the PKLR gene, leukocytes have a normal PK activity, so if they are not eliminated
well when preparing the haemolysate, they can geopardise the result and mask the
existence of a RBC PK deficiency (PKD). To avoid this important cause of error
(false negatives), blood treated with anticoagulant must be filtered through a col-
umn of celulose-micro celulose in order to eliminate leukocytes and platelets. Also
the presence of a high number of circulating reticulocytes, very frequent in new-
borns and children, can also give false negatives because the PK activity of the
reticulocytes is much higher than that of the mature RBCs. Therefore, if in the
presence of intense reticulocytosis a normal PK activity is obtained, the result should
be confirmed by determining the quotient between PK activity and hexokinase
(HK). HK is an enzyme whose activity also increases in the presence of
reticulocytosis and, therefore, if this increase is much greater than that of PK, this
enzyme deficiency is evidenced by a significant decrease in the PK / HK ratio [33].

Very recently a concise guide to PK deficiency for primary care providers, but
also for haematologists, healthcare providers and medical students has been
published [34]. There, the underlying PKD defect is explained in great detail
together with its mode of inheritance, clinical manifestations, diagnostic procedures
and an attempt for medical treatment.

6. Databases and epidemiology

Clinical epidemiology, originally confined to the global problems of infectious
diseases, became, in the last 50 years, the fundament of today’s evidence based
medicine. No medical stakeholder is able to oversee the abundance of data describ-
ing prevalence, incidence, clinical patterns and health risks from all regions in the
world. The majority of studies are concerned with common diseases, but there is
still a paucity of data for rare diseases, which came in the scope of medical stake-
holders in the last decade.

In RA, as in other rare and very rare disorders, only supranational networks can
provide valid data. ENERCA has concentrated on data from the MS of the EU on a

Figure 12.
Excentrocytes present in the blood of a patient with G6PD deficiency and haemolytic crisis.
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subset of RA. However, it is often overlooked that social-economic conditions and
medical practices are different in the different MS, resulting in different recognition
of the epidemiological data studied [20]. Frequency is a general term to compare
differences between the occurrence of a given disease, in the case of rare anaemias
between populations defined by geographic regions or populations of different
origin (such as the formerly called races) in a given region. The latter became of
paramount importance with the ongoing immigration of people from the Mediter-
ranean basin to North- and Middle Europe and from Asia and Africa to all MS, as
mentioned above. The frequency is a useful parameter in any first approach of
disease characteristics and a useful tool to decide on the methodology to estimate
more precise issues. No one would challenge the fact, that thalassemia is much more
frequent in the Mediterranean area or in immigrants within the Northern European
countries. However, mathematically defined parameters are needed for research
and health care planning. Prevalence, or more exactly prevalence proportion, is the
main indicator used for any epidemiological studies in congenital diseases,
representing the vast majority of conditions considered in disease category. Parox-
ysmal Nocturnal Haemoglobinuria (PNH) is an exception, with prevalence being of
major significance, alike for the situation of cancers. For very rare anaemias
included in ENERCA, usually period prevalence is measured, using a defined num-
ber of observation years rather than an index day as used for the so called point
prevalence in common diseases. Another useful measure is the number of affected
children of all live births in a given observation period; in this case, the period of
definition of live birth (e. g. Days after birth) should be indicated, to avoid bias due
to early mortality. An effective instrument to measure true prevalence a proportion
is obtained with post-natal screening programs, as described for SCD. Ideally, all
cases of a given disease or disease category in a population at time should represent
the “true” prevalence. However, in the case of rare anaemias, the detection rate
(number of detected/number of existing cases) is often less than 1. As shown by the
work of ENERCA, there are strong indicators that the detection rates in the MS vary
considerably depending on socio-economic conditions, and the same is true for the
proportion of misclassifications. These data are of importance for any attempt to
harmonize the diagnosis of rare anaemias in the European countries.

An inherent, unsolved problem of all registries is sustainability. Time trends, so
important considering the influence of scientific as well as population changes due
to both demographic evolution and migration can only be ascertained if sustain-
ability can be guaranteed by resources of much longer duration than available
today. Clinical trials, even though primarily directed to progress of therapeutic
measures and often dependent on industrial interests are another source of epide-
miological data. We hope that final EuorBloodNet standardization will provide
solutions to many of these problems.
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Chapter 9

Milestone Histories and 
Paradigmatic Genetic Discoveries 
of Chronic Myeloid Leukemia 
(CML)
Zhan He Wu

Abstract

Chronic myeloid leukemia (CML) is classified as a hematological malignant rare 
disease by National Organization for Rare Disease (NORD, USA) based on the esti-
mated incidence of 1–2 cases/100,000 per year internationally. CML occurs in all ages 
but commonly seen in the 45–55 years group. Males are slightly more affected than 
females. CML is one of the oldest known diseases with new faces and one of the fastest 
developing diseases with many extraordinary discoveries in human history of con-
quering the disease. CML possesses at least Nine First findings in leukemia and cancer 
research and even in human medical histories: the First named as leukemia in 1845, the 
First of a live case of CML patient diagnosed in 1846, the First used of arsenic in CML 
treatment in 1865, the First defined as a myeloproliferative disorder in 1951, the First 
finding of Philadelphia chromosome (Ph chromosome) in 1960, the First finding of 
chromosome 9 and 22 translocations in 1973, the First identified as a clonal hemato-
logical malignancy derived from the stage of pluripotent bone hematopoietic stem cells 
in 1977, the First finding of the chromosomal fusion gene-BCR-ABL as an oncogene in 
1984, and the First designed target therapy of use of tyrosine kinase inhibitor (TKI) 
in 1998. The footprints of the studies on CML established the milestone histories. 
Remarkable and fascinating genetic discoveries were made of the mysteries of human 
diseases, the multiway translocation of Ph chromosome, and the latest issues. The 
association of the combination of chronic myeloid leukemia and chronic lymphocytic 
leukemia will be reviewed in this chapter with the aim of increasing the understanding 
of CML further from laboratory bench to clinical bedside.

Keywords: rare hematological malignancy, chronic myeloid leukemia,  
genetic variations, Philadelphia chromosome, BCR-ABL gene

1. Introduction

Myeloproliferative neoplasm (MPN) is a rare type of hematological malignancy 
featured by the excessive proliferation of single or multilineages of hematopoietic 
cells in the bone marrow affecting fewer than six in 100,000 people. MPN mainly 
includes polycythemia vera (PV), essential thrombocythemia (ET), primary 
myelofibrosis (MF), and chronic myeloid leukemia (CML) classified by World 
Health Organization (WHO) [1].
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Among these types of MPN, CML, with several synonyms of chronic myeloge-
nous leukemia, chronic granulocytic leukemia, is the most common type of myelo-
proliferative disorder characterized by increased proliferation of the granulocytic 
cell line without the loss of their capacity to differentiate.

CML consists of about 20% of all leukemias affecting individuals of all ages 
including children and infants with chronic, accelerated, and blast crisis phases to 
acute leukemia resulting in life-threatening situation [2].

CML presents as easy bleeding, splenomegaly, feeling run down or tired, fever, 
loss of weight without trying, loss of appetite, pain or fullness below the ribs on the 
left side, pale skin, and excessive sweating during sleep (night sweats) [3].

CML has a very exciting history and extraordinary findings in which it has paved the 
way toward clinical diagnosis and treatment. It was predicted by John Gordon in 2003 
that the fascinating CML could be becoming even more fascinating from now on [4].

2. Milestone histories and remarkable genetic discoveries of CML

The remarkable genetic discoveries have been translating into clinical diagnosis, 
effective, and specific therapies from the following so many FIRST findings.

2.1 The first named as a leukemia

CML was first named as leukemia in the nineteenth century, when it was 
described and recognized in 1845 from descriptions of the clinical presentations 
and symptoms by Bennett, Virchow, and Craigie [5–7].

Cells from blood or bone marrow morphology from patient with CML show 
at every stage differential cells due to partial blockage, unlike the maturation and 
differentiation of acute leukemia, which are blocked completely in the early cell dif-
ferential stage. The chronic term of CML refers to maturation and differentiation, 
unlike other diseases by period of disease duration.

2.2 The first of a live case of CML patient diagnosed

The first live patient with CML was diagnosed in 1846 by Dr. Henry Fuller, 
a physician at St George’s Hospital in London with the identification of a large 
proportion of abnormal, granular colorless globules under microscope [8].

2.3 The first used of arsenic in CML treatment

Fowler’s solution, the compounded a potassium bicarbonate-based solution of 
arsenic trioxide (As2O3) invented by Thomas Fowler named as Fowler’s solution in 
1786, was first tried in CML among all leukemias in 1865 to reduce the over prolif-
erative white cell numbers [9].

Very excitingly, the arsenic has been used to cure acute promyelocytic leukemia 
(APL) which it made the worst and incurable type of leukemia; APL became the 
best therapeutical curable type among all types of leukemias achieved by several 
Chinese medical researchers [10].

2.4 The first defined as a myeloproliferative disorder

CML was first introduced as a myeloproliferative disorder based on the evidence 
accumulated of multiple abnormalities involved in erythroblasts, granulocytes, 
megakaryocytes, but no fibroblasts in bone marrow by Dameshe [11].
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2.5 The first finding of Ph chromosome in leukemia

Ph chromosome was first reported in 1960 by Nowell and Hungerford [12]. 
Originally such a finding was described as deletion of the long arm of chromosome 
22, although it was thought to be chromosome 21 [13] and was even thought to 
be the chromosome Y due to limitation of low chromosomal resolution from the 
cytogenetic technique at that time [14, 15]. The smart conclusion made from this 
was the suggestion that such chromosome change could be associated with CML.

Since then the detection of Ph chromosome by the application of the cytogenetic 
(Karyotyping) and the molecular cytogenetic techniques, fluorescence in-situ 
hybridization (FISH) has become a very useful and practical approach in the diag-
nosis and monitor of CML. Cytogenetic karyotype analysis is a specific, accurate, 
low cost, fast technology in CML diagnosis, and disease monitoring in the detection 
of both classical and variant Ph translocation.

2.6 The first identified as a translocation of chromosomes 9 and 22 in leukemia

In 1973, Ph chromosome or Ph translocation was identified as balanced translo-
cated chromosomes 9 and 22, t[q34;q11], by Rowley [16]. Such milestone finding 
identified and classified the Ph chromosome was not the shortening of chromosome 
22 as found by Nowell and Hungerford, which it pointed out the direction and 
narrowed down to the discovery of CML causing gene from the initial finding of the 
association between Ph chromosome and CML.

2.7 The first finding of BCR-ABL gene in leukemia

Breakpoint cluster region-Abelson leukemia (BCR-ABL) virus was the first find-
ing from CML in leukemia and oncology. BCR-ABL is a fusion oncogene, resulting 
in CML from the translocation at the breakpoints of the long arm of chromosome 9 
and the long arm of chromosome 22 and in humans [17] and mice [18–20].

Studies found that BCR-ABL fusion gene has several types of isoform protein 
products from the different breakpoints of translocated. The common types are 
the fusion protein products (p210, p190, and p230), resulting in the enhance-
ment of tyrosine kinase activity in CML and other types of hematological 
malignancies in the similar mechanism [21]. The concept from such findings 
obtained provided the valuable theory for the development of the target-specific 
therapy afterward.

The detection of BCR-ABL gene using PCR technique commonly has become a 
valuable/effective and sensitive approach in the diagnosis and disease monitoring of 
CML, which it does not require cell culture.

2.8  The first clinical therapy by using tyrosine kinase inhibitor (TKI) in 
leukemia

CML has a long developmental history in the trial of treatment in the past, 
including the first trial by using arsenic (Fowler’s solution), x-irradiation, nitrogen 
mustard, busulfan, hydroxyurea, interferon-α, and stem cell transplantation. 
The tyrosine kinase inhibitor (TKI) is considered as the first and a successfully 
designed first-generation target therapy in cancer therapies clinically. This therapy 
was designed on the base of blocking and deregulating the activity of BCR-ABL 
fusing gene 1998 [22]. The second-generation TKI started to be used for reducing 
the resistance was developed in 2004. Such specific therapy significantly prolonged 
lifespan for patients with CML.
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2.9 The first described as a clonal hematological disease in leukemia

Cells from bone marrow or peripheral blood of a patient with CML show exces-
sive proliferation from one or multiple lineages and different maturation stages due 
to the partial blocking of differentiation.

CML was first identified as a clonal hematological malignancy from pluripotent 
bone marrow stem cells [23, 24]. Such finding increased our understanding of the 
stages of disease mechanism and helps in the diagnosis, differential diagnosis, and 
treatment.

3. Variant complex and multiway translocations of Ph chromosome

3.1 Variant complex translocation of Ph chromosome

Cytogenetically, CML is characterized by the Ph chromosome formed by the 
fusion gene of the reciprocal translocation t(9:22)(q34;q11), resulting in the chime-
ric gene breakpoint cluster region (BCR)-Abelson leukemia (ABL).

Studies demonstrated that approximately 90–95% CML patients have Ph 
chromosome from the classical reciprocal translocations. However, about 5–10% 
CML cases have variant types of the Ph chromosome. The variant Ph chromosome 
translocations are involving chromosomes other than 9 and 22 or multiple chromo-
somes involved in CML cases [25]. Some studies also suggested that the classical 
and variant Ph chromosome translocations in CML patient have showed different 
sensitivities to treatment [26].

Mysorekar et al. reported five male CML cases with variant Ph chromosome 
translocations. Two cases were two-way translocations, t(16;22), t(15;22), and three 
cases were three-way translocations, t(1;9;22), t(9;9;22), t(9;14;22), and all cases 
studied were with BCR-ABL fusion gene, but responded well to the tyrosine kinase 
inhibitors, imatinib treatment in their studied cases [27].

3.2 Three-way translocation of Ph chromosome

Three-way translocation involves three chromosomes including the Ph chromo-
some. Such complex translocation was found not only in adult but also in childhood.

Lee reported a 22-year-old male CML case with a three-way translocation 
involving in chromosomes 9, 22, and 11 at the breakpoints of q34;q11.2;q24 detected 
by using cytogenetic-G banding and FISH techniques, and this patient responded 
well to TKI treatment imatinib [28].

Asif groups reported male CML case with a three-way translocation involving 
chromosomes 9, 11, and 22 at the breakpoints of q34;p15;q11 in separate studies [29].

Allen-Proctor group reported a male CML case with a three-way translocation 
involved in chromosomes 9, 22, and 17 at the breakpoints of q34;q11.2;q12 detected 
by using cytogenetic analysis of G banding and FISH [30].

Most three-way translocations reported were primary abnormalities. Achkar 
et al. reported a male CML case with a three-way translocation involved in chromo-
somes 9, 10, and 22 at the breakpoints of q34;p11.2;q11.2 and also loss of Y chromo-
some as a secondary abnormality after the classical Ph translocation of t(9;22) 
followed by chemotherapy [31].

CML is very low in childhood and infant. Three-way translocation of Ph chromo-
some in infant is extremely rare. An 10-month-old boy infant with three-way Ph trans-
locations involved in chromosomes 9, 22, and 14 at the breakpoints of q34;q11.2;q32 by 
using GTG banding and FISH techniques and confirmed the presence of BCR-ABL by 
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RT-PCR was reported as the first case with the accelerated phase and received favor-
able response with hydroxyl urea and the TKI (dasatinib) [32].

3.3 Four-way translocation of Ph chromosome

Four-way translocation involves four chromosomes including the Ph chromo-
some. Asif et al. reported a four-way translocation involved in chromosomes 4, 
9, 19, and 22. They have reviewed and analyzed 59 cases of CML with four-way 
translocations reported from the literatures previously. Their analysis showed that 
56% of four-way translocation was male, 39% was female, 2% was missing chromo-
some Y (-Y), and 3% was unidentifiable of sex [33].

Achkar group reported a four-way translocation involving chromosomes 9, 11, 
20, and 22 [34]. The same group reported another case with four-way transloca-
tions involved in chromosomes 9, 11, 20, and 22. Also, BCR-ABL fusion gene 
was detected by reverse transcription polymerase chain reaction (RT-PCR). That 
patient also showed additional chromosome abnormalities involving translocations 
of chromosomes 7 and 8. Patient showed poor response to imatinib and died for 
unknown reason [35].

3.4 Five-way translocation of Ph chromosome

Five-way translocation is involved in five chromosomes including the Ph 
chromosome. A novel five-way translocation involved in chromosomes 7, 11, 9, 22, 
and 9 detected by G-banding technique and confirmed by spectral karyotyping 
(SKY); BCR-ABL gene was detected by fluorescence in-situ hybridization (FISH), 
which was reported by Yokota group in 2012, and patients showed good respond to 
imatinib treatment and also reviewed another nine cases of five-way translocations 
compared with their case reported in that article [36].

Another five-way translocations of 29-year-old male CML case involved in 
chromosomes 9, 11, 13, 19, and 22 by G-banding technique confirmed by SKY, and 
BCR-ABL gene fusion by Vaidya group reported a five-way translocation involved 
in chromosomes 9, 11, 13, 19, and 22, and that case responded well to imatinib treat-
ment [37].

The mechanism of variant complex translocation is still unknown. The spatial 
arrangement is involved in chromosomes because they require the physical interac-
tion of the translocation partners and the association of genomic instability could 
be associated with multiway translocation.

3.5  The application of next-generation sequencing (NGS) and the detection of 
other genes associated with CML

Currently, cytogenetics, FISH, and qRT-PCR have been using as the routine 
techniques in the applications of CML diagnosis. However, each of them has his/
her limitation in the application. NGS technique is a powerful technique with high 
throughput. Lyu group identified a novel BCR-ABL1 fusion gene with breakpoints 
in the BCR intron 14 and the ABL1 intron 2 (with an e14a3) by using NGS [38].

Shokeen group studied CML cases by using NGS and found some variants and 
potential prognostic and susceptibility markers, which helped them in the predic-
tion of TKI therapy [39].

Fu group studied BCR-ABL fusion gene variants on CML by using next-
generation sequencing (NGS), and they found an e13a2-like novel form of BCR-
ABL fusion, while it was negative with qRT-PCR-based test, which helped them in 
diagnosis and therapy. Their results suggested that NGS is a powerful technique 
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to detect BCR-ABL fusion variants, which they could be missed by other routine 
techniques. In addition, other mutated genes SETBP1, PAX5, and TP53 were also 
detected [40]. Such findings of additional mutated genes involved in CML by NGS 
may increase the understanding in leukemogenesis and help in treatment for cases 
with CML with TKI therapy resistant.

4.  Issues of the presence of Ph chromosome or BCR-ABL gene in  
non-CML hematological malignancies or healthy individuals

Ph chromosome, t(9;22)(q34.1;q11.2), was found in CML at 90–95% as men-
tioned above [41]. However, Ph chromosome has been found in other types of 
non-CML hematological malignancies.

Studies showed that acute myeloid leukemia (AML) about 3% of adult AML and 
1% in childhood have Ph chromosome [42, 43]. Different proportions of Ph chro-
mosome were found in patient with myelodysplasia syndrome (MDS) [44]. About 
20% of adult ALL and 2–5% of children have Ph chromosome in acute lymphoblas-
tic leukemia (ALL) [45–48]. The couple of T-ALL cases with positive Ph have been 
reported [49, 50]. The presence of Ph chromosome on a patient with lymphoma was 
detected by a study [51]. Positive Ph chromosome was reported from H929 multiple 
myeloma cell line [52]. Koshy group reported the presence of Ph chromosome from 
a case of pregnant women with unusual primary myelofibrosis [53].

Interestingly and surprisingly, BCR-ABL fusion gene was detected in healthy 
individuals (2/30) but without following up studies seen afterward [54]. Biernaux 
group studied the BCR-ABL gene of blood cells from healthy individuals and found 
the presence of BCR-ABL transcript (22 of 73) [55]. More evidence from a study 
of peripheral blood leukocytes conducted on 16 healthy individuals, and some cell 
lines as controls by Bose group and results showed the presence of BCR-ABL gene 
either p210 (27%) or p190 (69%) transcript in healthy individuals [56]. It is sug-
gested that leukemia-associated genes in healthy individuals require the additional 
activations to be malignancy, although no satisfactory explanation on why BCR/
ABL fusion gene detected from some healthy individuals short- and long-term 
following up.

5.  Issues of the combination of CML and chronic lymphocytic leukemia 
(CLL) in the clonal association

CML and CLL are different hematological malignancies characterized by their 
cause of disease, their origin of hematopoietic lineages, laboratory findings and 
clinical presentations, and different immune phenotypes. CML and CLL require 
different treatment strategies. In general, there are no many problems or issues in 
the diagnosis and differential diagnosis on both of CML and CLL.

Recently, there were some rare cases reported in the combination of CML and 
CLL, which raises a question as to whether the myeloid and lymphoid malignant 
clones derived from the common malignant stem cells or CML and CLL are two 
independent simultaneous events.

A group performed a study on three-way translocations by flow cytometric 
sorting using monoclonal antibody anti-CD19 lacked the BCR-ABL rearrangement. 
Their results suggested CML and CLL were from two different clones B-cell trans-
formation occurred in a Ph-B-cell subset [57].

Wu et al. reported a novel CML case with three-way translocations involved in 
chromosomes 9, 22, and 11 cytogenetically and confirmed by fluorescence in-situ 
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hybridization (FISH). It was found the deletion of chromosome short arm (4p) 
confirmed by comparative genome hybridization microarray. This patient had 
more than 10 years indolent chronic lymphoblastic leukemia (CLL) history without 
progression over several years, and cytogenetic test was normal. Interestingly, both 
CML and CLL got remission after treatment for CML indicating the possibility of 
the relevant if clonal revolution [58]. These results might indicate the association of 
Ph chromosome in the leukemogenesis of CML and CLL.

Armarego et al. reported five CML cases in the combination of CLL history and 
one case with the deletion of short arm of chromosome 17(17p). All patients were 
treated for both CLL and CML, and a satisfactory outcome was achieved from the 
five cases studied separately [59].

The association of CML and CLL raises the issues that the combination of CML 
and CLL is the two different events or a result from a clonal evolution either from 
CML or CLL that needs to be classified further.

6. Conclusion

CML is a special disease with a milestone history and remarkable nonstopping 
genetic discoveries, which have paved the path in effective treatment of CML by 
translating findings into clinical settings.

It is believed that the continuing study on genetic variations will help to develop 
TKI therapy to minimize further therapy resistance in the future.

CML is an old disease with new face. The continuous discoveries of genetic 
variations and multiway translocation of Ph chromosome in CML will help in the 
diagnosis and monitoring of treatment.

The mystery and the associations of the combination of CML and CLL in some 
reported cases are still unknown.

Such fascinating stories made the best example in the process of conquering the 
human diseases.

© 2020 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. 
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Chapter 10

Chronic Myeloid Leukemia
Letícia Antunes Muniz Ferreira

Abstract

Chronic myelogenous leukemia (CML) is a chronic clonal myeloproliferative 
disease characterized by left leukocytosis, splenomegaly, and the presence of the 
Philadelphia (Ph) chromosome, which results from the reciprocal and balanced 
translocation between the long arms of chromosomes 9q34 and 22q11, generating 
the hybrid protein BCR-ABL, with increased tyrosine kinase activity. The BCR-
ABL protein is present in all patients with CML, and its hyperactivity triggers the 
release of effectors of cell proliferation and inhibitors of apoptosis, and its activity 
is responsible for the initial oncogenesis of CML. This chapter will review CML 
from its discovery, molecular and epigenetic mechanisms of disease progression to 
current treatments.

Keywords: chronic myeloid leukemia, hematologic malignancy, hematopoietic 
neoplasm, myeloproliferative disorder, Philadelphia chromosome

1. Introduction

Chronic myeloid leukemia (CML) is a neoplasm characterized by clonal expan-
sion of hematopoietic stem cells, resulting in increase of peripheral blood myeloid, 
erythroid, and platelet cells, with bone marrow (BM) myeloid hyperplasia [1, 2]. 
Typical symptoms of CML include fatigue, anorexia, and weight loss. However, 
about 40% of patients are asymptomatic, and in these patients the diagnosis is 
based on an abnormal blood count [1].

CML is categorized into three phases: chronic, accelerated, and blast crisis. At the 
beginning of the chronic phase (CP), some patients are asymptomatic, but oth-
ers have fatigue, weakness, headaches, irritability, fever, night sweats, and weight 
loss. The accelerated phase (AP) comes after a variable period of diagnosis from a 
few months to several years, and it is characterized by increased bone marrow and 
peripheral blood blasts, peripheral blood leukocytosis and basophilia, anemia and 
thrombocytopenia unrelated to treatment, or the development of cytogenetic evolu-
tion. Subsequently, the disease progresses to the blast phase (BP), defined hematolog-
ically by the increase of leukemic blasts in the peripheral blood and/or bone marrow 
(more than 20%). At this stage of the disease, many patients die within 3–6 months. 
The progression to AP and BP seems to be associated mainly with genomic instability, 
which predisposes to the appearance of other molecular abnormalities [3].

The average diagnosis of CML is 64 years. However, all age groups, including 
children, are affected. About 15% of all leukemias are CML. It is estimated for the 
USA that 1 out of 526 people will have CML in their lifetime. The American Cancer 
Society estimates for CML in the USA by 2019: about 8990 new cases will be diag-
nosed with CML (5250 in men and 3740 in women) and about 1140 CML deaths 
(660 men and 480 women) [4].
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1.1 Discovery of leukemias

The first case of leukemia was described in 1827 by Alfred Velpeau. Velpeau 
observed in a 63-year-old patient an enlarged spleen and liver associated with fever, 
weakness, and the presence of blood pus [5]. Later, Alfred Donné described the 
autopsy of a patient who had an enlarged spleen and semi-purulent blood under a 
microscope [6].

However, the first description of leukemia was credited to John Hughes Bennett 
in 1845. Bennett gave a more complete and scientific description of a 28-year-old 
patient who had postmortem examination with massive enlargement of the liver, 
spleen, and lymph nodes, in addition to the presence of purulent blood [7]. In the 
same year, Rudolf Virchow described the autopsy of a 50-year-old female patient 
with splenomegaly and pus in her blood vessels [8].

In 1852, Bennett described 37 cases of leucocythemia [9]. Later, in 1856, Virchow 
noted that cases of splenomegaly leukemia had some granular blood cells with irregular 
or divided nuclei, while patients with lymphadenopathy already had smooth nucleus 
cells [10]. Virchow proposed two main varieties of chronic leukemia, splenic and 
lymphatic, which today are identified as leukemia and lymphoma, respectively [11].

The introduction of blood cell staining techniques in 1878 by Paul Ehrlich revo-
lutionized hematology, allowing a differentiation of different types of leukocytes 
[12]. With this, Ehrlich distinguished lymphoid and myeloid leukemias [13].

1.2 Discovery of Philadelphia chromosome

The improvement of cytogenetic techniques allowed the study of chromosomal 
arrangements in various pathological conditions. Thus, specific human disorders 
were found to be associated with specific chromosomal abnormalities (e.g., Down 
syndrome, associated with an extra copy of chromosome 21) [14].

In 1960, Peter Nowell and David Hungerford identified a small chromosome in 
two CML patients. This chromosome was called the Philadelphia (Ph) chromosome, 
according to the chromosome standardization committee, which suggested that 
abnormal chromosomes be designated by the name of the city in which they were 
discovered [11, 14, 15]. The discovery of this chromosome was a very important step 
in understanding the pathophysiology of CML.

Chromosome banding techniques revolutionized the cytogenetic approach. 
Thanks to this advance in 1973, Janet Rowley demonstrated that the Ph chromosome 
was not a simple deletion but a reciprocal and balanced translocation between the 
long arms of chromosomes 9 and 22 [16]. Still in the 1970s, Herbert Abelson and 
Louise Rabstein identified the ABL gene, located on chromosome 9, position 9q34 
[11]. Protein tyrosine kinase ABL is related to the processes of regulation of cell 
proliferation, survival, cell adhesion, and migration [17].

In 1984, Groffen et al., through the cloning of genomic DNA from CML patients, 
identified chromosome breaks within a limited region on chromosome 22, which 
they called the breakpoint cluster region (BCR) [18, 19]. Thus, the highly specific 
presence of the BCR chromosome breakpoint in patients with Ph-positive CML 
strongly suggested the involvement of this gene in leukemia.

In the formation of the Ph chromosome, the ABL1 proto-oncogene (Abelson 
leukemia 1) is translocated from chromosome 9 to the BCR gene on chromosome 
22 at position 22q11. This process gives rise to the chimeric BCR-ABL1 gene, which 
encodes a constitutively active protein tyrosine kinase, considered central in 
the mechanism involved in chronic phase-chronic myeloid leukemia (CP-CML) 
[20–22]. Identification of this anomaly is extremely important for the diagnosis of 
the disease and for treatment purposes.
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1.3 Variants of Ph chromosome

The Ph is detected by G-band karyotyping in around 90% of CML patients 
among whom 5–10% may have variant chromosome types [23–25]. Variants of 
Ph chromosome are characterized by the involvement of another chromosome 
in addition to chromosomes 9 and 22. Variant rearrangements can be simple or 
complex. Simple-type variants involve another chromosome, for example, t (9; 22; 
6). Complex variants participate in the translocation of two or more chromosomes, 
besides chromosomes 9 and 22 [26, 27].

Variant Ph breakpoints occur in hotspots across the genome, usually in the G-light 
bands, within the cytosine and guanine (CG) richest parts of the genome [28]. CG 
content correlates with chromatin condensation and transcription activity; that is, 
open chromatin is transcriptionally active and relatively likely to undergo breakage and 
repair with a consequent tendency to illegitimate recombination and translocation [24].

Variant Ph chromosomes are distinguished from additional chromosomal abnor-
malities or clonal evolution that drives disease progression. The clonal evolution is a 
reflection of a genetic instability that characterizes the transition to advanced phase 
[29]. However, the mechanism of variant Ph generation and the molecular bases of 
biological differences between classic Ph and variant Ph chromosomes are not fully 
understood [30].

In atypical CML (aCML), patients are Ph-negative. This leukemia presents 
initial characteristics and clinical course similar to those of Ph-positive patients. 
However, Ph-negative patients have more heterogeneous characteristics, often more 
aggressive disease progresses with worse prognosis [31].

2. Molecular characterization of CML

The BCR-ABL fusion protein with strong tyrosine kinase activity is one of the 
molecular biological bases of leukemia [32]. The Ph chromosome is generated by 
the translocation t (9; 22) (q34; q11). The normal c-ABL gene is located on chro-
mosome 9 and has 11 exons (1b, 1a, a2–a11). During chromosomal translocation, 
c-ABL gene breakdown can occur at three points: upstream of 1b, between 1b and 
1a, and between 1a and a2. Regardless of the breakpoint, the first two alternative 
exons (1b and 1a) are always separated [21].

The normal BCR gene is located on chromosome 22 and consists of 23 exons (e1–
e23). In generation of the BCR-ABL fusion gene, there are three breakpoints that 
can occur in the BCR gene: major (M-BCR), minor (m-BCR), and micro (μ-BCR). 
The M-BCR break can generate junctions e14a2, e13a2, e14a3, and e13a3; m-BCR 
breakdown can induce junctions e1a2 and e1a3; and the breakdown in μ-BCR can 
give rise to e19a2 junction [21].

Despite the many junctions that exist, in Ph-positive hematological neoplasms, 
the junctions e14a2 and e13a2 are the most frequent. These two junctions generate 
the same transcript encoding the p210 BCR-ABL protein. The junction e19a2 pro-
duces a transcript encoding the p230 BCR-ABL protein. And junction e1a2 creates a 
transcript that encodes p190 BCR-ABL [21, 29].

All domains of c-ABL protein—SRC-homology-2 (SH2) domain, SH3 domain, 
tyrosine kinase domain, nuclear localization signal (NLS), nuclear export signal 
(NES), DNA-binding domain (DBD), and actin-binding domain (ABD)—are 
present in the three BCR-ABL proteins. However, the three BCR-ABL proteins have 
different BCR domains [33].

The SH2 and SH3 regulatory domains mediate protein-protein interactions and 
control activation of transduction signals. The SH3 domain is known as a negative 
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regulator of kinase activity, acting as a counterpoint to the SH2 domain, inactivat-
ing its tyrosine kinase-activating and receptor potential [34]. In BCR-ABL products, 
a partial or complete deletion of the SH3 domain occurs, losing negative control. 
In contrast, the SH2 domain is eventually activated by the presence of a tyrosine 
kinase-activating component [35].

The BCR-ABL fusion protein acts as an oncoprotein by activating several signal-
ing pathways that lead to transformation. Myc, Ras, c-Rafn MAP/ERK, SAPK/JNK, 
STAT, NFKB, PI-3kinase, and c-Jun are included as signal cascade molecules. Many 
signaling proteins have been shown to interact with BCR-ABL through various 
functional domains and/or to become phosphorylated in BCR-ABL-expressing 
cells. In brief, BCR-ABL activates the main signal pathways, such as RAS/MAPK, 
PI-3kinase, c-ABL pathways and CRKL pathways, and JAK-STAT, and the Src 
pathway to play a major role in transformation and proliferation. Inhibition of 
apoptosis is thought to result from activation of the PI-3 kinase and RAS pathways 
with induction through AKT of Myc and BCL-2 [36].

Activation of these signaling pathways leads to deregulation of cellular processes 
such as proliferation, differentiation, DNA repair, decreased adhesion of leukemic 
cells to bone marrow stroma, and reduced apoptotic response to mutagenic stimula-
tion, leading to uncontrolled clonal proliferation [37].

3. Diagnostic of CML

Approximately 40% of patients are asymptomatic, and the diagnosis is made 
with a blood count [1], performed by any clinical situation, preoperatively or even 
at a checkup. Several methodologies may be employed for the diagnosis of CML 
patients, including microscopic examination of peripheral blood and bone marrow, 
cytogenetics, and molecular biology.

3.1 Blood count

In peripheral blood of patients with CML, there is a leukocytosis of approxi-
mately 225,000/mm3 ranging from 20,000 to 600,000/mm3 and an intense increase 
in circulation granulocytes. Granulocytosis is characterized by a small proportion 
of leukemic blasts and promyelocytes and predominance of intermediate forms 
(such as myelocytes and metamyelocytes), in addition to maturing and fully mature 
neutrophils (rods and segmented). Differential leukocyte count shows staggered 
left shift from mature neutrophils to myeloblasts. Fifteen to 20% proportions of 
basophils may be found [1, 37].

The presence of mild anemia and thrombocytosis are also common in CML. There 
is a small correlation between hemoglobin concentration and the total number of 
white blood cells (hemoglobin values range from 9.7 g/dL ranging from 5.4 to 14.4 g/
dL). Depending on the stage of the disease, the number of platelets ranges from 
485,000/mm3, ranging from 25,000 to 1,400,000/mm3. Basophilia and eosinophilia 
are common findings. Leukocyte alkaline phosphatase is generally low and can be 
used to distinguish CML from other myeloproliferative diseases [1, 37, 38].

3.2 Myelogram

Analysis of bone marrow (BM) through myelogram reveals granulocytic hyper-
plasia, leading to a leukoerythroblastic ratio of 20:1. The differentiation sequence is 
maintained, however with a predominance of younger cells such as promyelocytes 
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and myelocytes. The number of megakaryocytes is increased. Other nonspecific 
biopsy findings include reticulin fibrosis and vascularization [1, 37].

3.3 Cytogenetics

The cytogenetic picture of CML provides unique and crucial information for 
diagnosis. Cytogenetic analysis of bone marrow or peripheral blood cells allows 
the identification of the Ph translocation and other chromosome changes that are 
associated with the leukemic process. Diagnostic assays at baseline for CML patients 
are based on the standard banding cytogenetics (chromosome banding analysis or 
CBA) and fluorescence in situ hybridization (FISH) [39].

Cytogenetic examination is preferably performed on bone marrow cells. The 
t (9; 22) (q34; q11) is easily recognized when the cell cycle of leukemic cells is 
disrupted in the metaphase. Identification of translocation 9; 22 requires analysis of 
at least 20 metaphases [40].

The FISH technique is used when the result is urgent. Fast and specific, this 
technique allows detection of BCR-ABL rearrangement through the use of molecu-
lar probes [37].

3.4 Molecular biology

The most modern and effective methods for detecting BCR-ABL transcripts are 
based on molecular biology techniques. Polymerase chain reaction (PCR) testing of 
peripheral blood RNA is highly sensitive: it can detect 1 Ph-positive cell expressing 
the BCR-ABL fusion transcript in 105–106 normal cells [1].

Real-time PCR is a great ally of clinical oncologist seeking better therapeutic 
outcomes because it helps in defining treatment, which can be more or less aggres-
sive according to each patient’s response [41]. Importantly, molecular methods, 
although extremely sensitive, do not allow observation of concomitant gene or 
chromosomal alterations.

4. Treatment of CML

Therapy for treatment of CML developed very slowly. Heinrich Lissauer, in 1865, 
described the use of arsenic in two leukemia patients [42], nothing new in view of 
the fact that the use of arsenic for cancer therapy had been described in the Indian 
Ramayana more than 2000 years earlier [43].

In the 1920s, radiotherapy entered clinical practice, and it was soon used for the 
treatment of CML, and for over 50 years, radiotherapy was considered the standard 
treatment. Radiation was usually directed to the spleen for symptomatic relief 
[43–45].

After the Second World War, there was the rapid development of alkylating 
agents. Thus, busulfan largely replaced radiotherapy in the 1960s. Later, hydroxy-
urea (hydroxycarbamide) was introduced in the USA (United States of America). 
Prospective studies showed that patients treated with hydroxyurea survived longer 
than those treated with busulfan. However, it was not clear whether this was due to 
the beneficial effect of hydroxyurea or a mitogenic effect of busulfan [44].

In the early 1980s, interferon-α (IFN-α) was introduced for the treatment of 
CP-CML. Few patients achieved any level of Ph-negative hematopoiesis, and others 
achieved a complete and lasting Ph-negative hematopoiesis. In rare cases, IFN-α 
may be discontinued without subsequent relapse. Thus, IFN-α replaced busulfan 
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and hydroxyurea in the treatment of CP-CML if the patient was not eligible for 
allogeneic BM transplantation [46].

In 1979, Fefer and colleagues treated four CP-CML patients with high doses 
of chemoradiotherapy, followed by transfusion of stem cells from their geneti-
cally identical twins [47]. At follow-up intervals of 22–31 months, these patients 
remained well absent of Ph-positive metaphases in their marrow. The previously 
fatal leukemia brought the possibility of treatment and cure through BM transplan-
tation [45].

Researchers began to treat CP-CML patients with allogeneic BM transplanta-
tion between identical HLA siblings. In the beginning, conditioning consisted of 
the use of cyclophosphamide and full body irradiation. However, years later, it 
was decided to use busulfan with cyclophosphamide [48]. According to the Center 
for International Blood & Marrow Transplant Research, allograft-associated 
transplant-related mortality for CP-CML patients is about 10–20% at 1 year, and the 
survival at 5 years is about 60% [49]. Most survivors have no evidence of leukemia, 
but occasional patients relapse early after transplantation [44].

Thus, from the 1990s, the treatment of choice for all relatively young CP-CML 
patients (under 50 years old) was an allogeneic stem cell transplant (SCT). In 
France, patients with CML who were not eligible for allograft were treated with 
IFN-α plus cytarabine [50], although more recent data from Italy cast doubt on this 
conclusion [51].

4.1 Tyrosine kinase inhibitors

Accumulated knowledge of action mechanism of BCR-ABL was sufficient to 
initiate experiments with target molecule designs to be used in the treatment of 
CML. From the knowledge that tyrosine kinase is the effective portion of onco-
protein, it was evident that its inhibition would be the most attractive target as a 
therapeutic strategy. The goal was to design a small chemical compound that would 
compete with ATP binding at the kinase domain site. Thus, with this site occupied 
by an “ATP-like” molecule, it would not be possible to provide any phosphate 
group for substrate transfer. With this, the tyrosine residues would remain in the 
“non-phosphorylated” form, and the protein substrate would not be able to change 
its conformation so that it could be associated with the effectors described above, 
resulting in the interruption of oncogenetic signals to the nucleus of cell.

This “ATP-like” molecule, known as imatinib, revolutionized the treat-
ment in oncology and specifically of CML, opening the “era of targeted specific 
therapy.” One of the first studies on the effectiveness of imabinib treatment (the 
International Randomized Study of Interferon and STI571 [IRIS] trial) estimated 
the rate of complete cytogenetic response (CCyR) at 12 months in the imatinib 
arm was 69%. Such responses are in relation to the standard treatment of the time 
(IFN-α and cytarabine) [52].

One of the last IRIS updates showed an estimated overall survival (OS) rate of 
83% at 10 years (20.1% of patients had unknown survival status when data was ana-
lyzed). It should be mentioned that, despite these excellent results, 31 and 52% of 
patients assigned to imatinib discontinued treatment by 5 and 10 years of follow-up, 
respectively. The main cause of treatment discontinuation was the unsatisfactory 
therapeutic effect (11%), while only 4% of patients discontinued treatment due to 
side effects [53].

Treatment with imatinib induces a hematological response in 90% of patients 
diagnosed in the CP and a cytogenetic response in 80% of them, which made bone 
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marrow transplantation, the only curative treatment for CML, to be indicated only 
in those patients who develop imatinib resistance, observed in 20–25% of cases [52].

Known mechanisms of imatinib resistance include the presence of mutation 
point in the BCR-ABL tyrosine kinase domain, amplification of the BCR-ABL gene, 
overexpression of the multidrug resistance gene known as P-glycoprotein, and low 
expression of pickup transporters such as SLC22A1 (hOCT1) [54].

The second generation TKIs (2GTKIs), dasatinib, nilotinib, and bosutinib, were 
initially approved in CML patients who were resistant or intolerant to imatinib. Due 
to a more potent in vitro inhibition of the unmutated BCR-ABL kinase with a good 
safety profile, these second generation TKIs were later evaluated and approved in 
the first-line setting [55].

Dasatinib is an oral, second generation TKI that is 350 times more potent than 
imatinib in vitro. It also inhibits the Src family of kinases, which may be important 
in blunting critical cell signaling pathways [56]. Compared to the structure analog 
of imatinib, nilotinib’s affinity for the ATP-binding site on BCR-ABL1 is 30–50 
times more potent in vitro [57]. Like dasatinib, nilotinib initially demonstrated the 
ability to induce hematologic and cytogenetic responses in patients who had failed 
imatinib [56]. Bosutinib appeared to retain activity across most known mutations 
that confer imatinib resistance, except for T315I. Responses were independent of 
whether patients had resistance to or intolerance of imatinib [56].

A subset of patients with CML exhibited either primary or secondary resistance 
to imatinib. Primary resistance refers to patients never responding to imatinib, 
whereas secondary resistance occurs when a patient who had an initial response 
to imatinib eventually loses the response [36]. Although a significant proportion 
of patients respond to 2GTKI therapy after imatinib failure, most of them (70%, 
approximately) will eventually discontinue such treatment in the short term due to 
loss of response or toxicity [55].

There are many treatment mechanisms of resistance, and several of them, 
mostly in vitro or in selected patient samples, have been reported. However, their 
individual contribution to this phenomenon has not been completely defined. The 
most frequently identified mechanism of resistance is the development of muta-
tions in the ABL tyrosine kinase domain [55].

A third generation TKI, ponatinib, is approved in CML patients with refractory 
CML or Ph-positive acute lymphoblastic leukemia (Ph + ALL) and those harboring 
the BCR-ABL1T315I mutant [58]. Clinical trials using the approved dose of 45 mg/
day of ponatinib show the main concern with this drug is the increased incidence of 
cardiovascular complications [55]. Table 1 shows the target recommendations for 
CML, according to the American Cancer Society.

First generation TKI CML patients newly diagnosed

Second generation TKI CML patients resistant or intolerant to imatinib

Third generation TKI CML patients with refractory CML or Ph-positive acute lymphoblastic 
leukemia and those harboring the BCR-ABL1T315I mutant

Interferon or chemotherapy CML patients who cannot take TKI or those who are not responding to 
treatment

Allogeneic stem cell 
transplantation

CML who have failed at least two TKIs and for all patients in advanced 
phase disease

Table 1. 
Target recommendations for CML [4].
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4.1.1 Definition of therapeutic response

The quality of response to TKI treatment is categorized according to the labo-
ratory method used. Patients are monitored by hematological, cytogenetic, and 
molecular response, and their terminology has been standardized by the European 
Leukemia Net [59].

Hematologic response is defined by the presence of platelets <450 × 109L, 
without differential immature granulocytes and <5% basophils, and a non-palpable 
spleen. Cytogenetic response (CyR) is defined according to the proportion of 
positive Philadelphia chromosome (Ph +) in bone marrow cells. The association 
between CyR and improved survival made the cytogenetic response the gold stan-
dard of CML therapy [36]. Table 2 shows the cytogenetic response definition.

The IRIS study, conducted in 2003, defined two types of molecular response 
assessed by real-time PCR: major molecular remission (MMR) and complete 
molecular remission (CMR). Major molecular remission is defined as a three-log 
drop of the initial load of BCR-ABL at the time of diagnosis; this value is equal to 
or less than 0.1%. Complete molecular remission is defined when the BCR-ABL 
transcript is undetectable [60].

Response to treatment is monitored during the first 3 months through clinical 
evaluation, blood count, and biochemical exams every 2 weeks. After the third 
month, cytogenetics is recommended every 6 months until complete CCyR is 
achieved. From the moment the patient reaches CCyR (Ph + 0%), monitoring is 
performed through real-time PCR quarterly to detect minimal residual disease [61].

4.2 Allogeneic stem cell transplantation

For patients who fail frontline therapy, the second-line options include sec-
ond and third generation TKIs. Even though second and third generation TKIs 
are potent and selective TKIs, some patients still do not respond to treatment. 
Allogeneic stem cell transplantation (allo-SCT) remains an important therapeutic 
option for patients with CML-CP who have failed at least two TKIs and for all 
patients in advanced phase disease [56].

Patients exposed primarily to TKI treatment do not respond negatively to allo-
SCT. Conversely, if patients referred for transplant have the lower CML burden, 
they may respond better to allo-SCT [62].

Allo-SCT is the only treatment with healing potential. However, it remains 
associated with substantial risks of morbidity and mortality. For appropriate coun-
selling of patients, a rapid and simple way to assess risk is needed [63]. Pre-allo-SCT 
risk factors for CML are donor type, disease stage, recipient age, recipient-donor 
gender combination, and, lastly, time between diagnosis and allo-SCT. Table 3 
presents the risk factors for allo-STC [63–67].

Complete cytogenetic response (CCyR) 0% Ph-positive metaphases

Partial cytogenetic response (PCyR) 1–35% Ph-positive metaphases

Minor cytogenetic response (mCyR) 36–65% Ph-positive metaphases

Minimal cytogenetic response (min CyR) 66–95% Ph-positive metaphases

No response (NR) >95% Ph-positive metaphases

Table 2. 
Cytogenetic response definition [59].
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In the era of TKIs, there is no doubt for the first-line treatment for CML patients. 
But when allo-SCT is indicated, this scoring system is still of great value in estimat-
ing overall disease-free survival and procedure-related mortality.

When considering allo-SCT for CML patients, it is important to know that a 
poor response to one or more TKIs does not predict a negative transplant response. 
TKIs pharmacologically block BCR-ABL activity, while allo-SCT depends on graft-
versus-leukemia (GVL) effect [68].

The challenge of allo-SCT for treatment of leukemia and other malignan-
cies of the hematopoietic system is the prevention of graft-versus-host disease 
(GVHD) without losing the GVL effect. Depletion of T cells abrogates GVHD 
and GVL effects. Delayed transfusion of donor lymphocytes into chimeras after 
T-cell-depleted stem cell transplantation produces a GVL effect without necessarily 
producing GVHD [69].

Allo-SCT should not be seen as a last resort but as a treatment strategy to be 
considered viable at the beginning of treatment for patients who have suboptimal 
responses to TKIs. The key issues for HSCT in CML are those of patient selection, 
risk stratification, and outcome optimization by means of regimen selection and 
improved supportive care [68].

5. Conclusions

CML is a myeloproliferative disease, resulting from clonal expansion of hema-
topoietic progenitor stem cells, characterized by BCR-ABL fusion gene, resulting 
from reciprocal translocation t (9; 22) (q34; q11) that gives rise to Ph chromosome. 
All the accumulated knowledge about action mechanisms of BCR-ABL1 has enabled 
the development of very efficient target-specific drugs, as well as molecular meth-
ods for disease monitoring.

Allo-SCT is a possible cure for CML; however, it is associated with mortality 
and morbidity increased due to complications in the pre- and posttransplantation 
periods, such as GVHD, immunosuppression, and multiple organ toxicity.

Prognostic factors Score

Donor type 0—related identical human leukocyte antigen (HLA)

1—unrelated identical HLA

Disease stage 0—chronic phase (CP)

1—accelerated phase (AP)

2—blast phase (BP)

Receiver age 0—< 20 age

1—20–40 age

2—> 40 age

Gender donor/receiver 1—female/male

0—male/female

Time from diagnosis to transplant 0—< 12 months

1—> 12 months

Table 3. 
Risk factors for allo-STC [63–67].
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Although great progress has been made for the improvement in clinical treat-
ment during the past decades, it is common for patients to develop resistance to 
treatments. Therefore, further exploring the novel therapeutic strategies is still 
crucial for improving disease outcome.
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Abstract

Rare diseases are those diseases that are not seen frequently in a population. There 
are about 7000 rare diseases that have been identified worldwide, and 80% of them are 
caused by genetic changes. Since a small number of individuals are affected with rare 
diseases, most clinicians are not aware of such diseases, and thus, they remain undiag-
nosed and untreated. Awareness regarding such diseases is essential to train clinicians to 
diagnose individuals affected with these disorders and to develop National/International 
Registries, which will serve to give information about the disease prevalence, its natural 
course, treatment, and management options available, to the medical fraternity. Patient 
advocacy groups play a remarkable and unique role in forming the collective voice of 
individuals living with rare diseases. They help in the identification, diagnosis, manage-
ment, treatment, and prevention of such diseases. Advocacy Groups form collaborative 
partnerships with scientists studying such rare diseases, clinicians managing these 
diseases, pharmaceutical companies developing drugs, and Government officials over-
seeing and policy makers implementing medical regulatory processes. Thus, advocacy 
groups play a key role in helping patients and families with rare diseases.

Keywords: rare disease, patient advocacy group, rare disease registry, diagnosis, 
management, treatment

1. Introduction

A rare disease is so called because its frequency in any given population is very 
low [1]. There are about 7000 rare diseases that have been discovered, and more are 
being described in medical literature. Rare diseases have different causes, and about 
80% of them have a genetic basis that could be chromosomal or genomic [2]. Rare 
diseases also include certain rare infections, cancers, and even autoimmune disor-
ders. A rare disease is defined differently in individual countries and is based on the 
following parameters:
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• The total number of people affected by the disease in that country

• Prevalence of the disease in that country

• Non-availability of treatment for the disease in that country

The USA defines a rare disease as a condition that affects less than 200,000 
people. The definition of rare diseases as is defined in the USA was coined in the 
Congress during the Orphan Drug Act of 1983. Such diseases also came to be known 
as Orphan Diseases as drug companies were indifferent to adopting the research 
and manufacture of novel drugs for their treatment [2, 3]. The World Health 
Organization defines a rare disease as a disease with a frequency of less than 6.5–10 
per 10,000 people. In Europe, it is defined as a disease seen in less than 5 of every 
10,000 people, while in Australia, it is taken as one in 10,000 individuals, and in 
India, it is taken as one in 5000 individuals [4, 5].

A rare disease in isolation may affect a small population because of which 
clinicians are not aware of the disease and their symptoms, hence such  
individuals remain undiagnosed and untreated [1, 6, 7]. Although individu-
ally these disorders are rare, when taken together the people affected with rare 
diseases constitute a large population of the country. Such diseases are debilitat-
ing and without a proper diagnosis may cause gross morbidity and mortality, 
thereby posing a challenge to the healthcare system of the country [8]. A rare 
disease has an adverse impact on the everyday lives of the whole family and 
their care givers [9–12]. The cost of treatment/management is high and causes 
considerable financial burden to the individuals and their families [8, 11, 12], 
as there is a lack of Government policies regarding this aspect, hindering their 
treatment.

2. Advocacy groups

Since several rare diseases are being diagnosed and brought into light, it is 
required that more time and effort should go into research for understanding 
and preventing such diseases. A remarkable and unique aspect of rare disease 
treatment and management is the evolving role of advocacy groups and their 
collaborative partnerships with scientists studying such diseases, pharmaceuti-
cal companies developing drugs, and Government officials and policy makers 
overseeing medical research and health care [3, 6]. Rare disease advocacy 
groups have played a vital role over the years in the adoption of public policies, 
relocation of available research funding, and other factors affecting the research 
for rare diseases [1, 7]. In most settings, the rare disease advocacy groups 
are created by the family members of the affected individuals. They are the 
ones who look into the formation of public policies, help fast-track treatment 
approvals by regulatory bodies, and facilitate the welfare of individuals and 
their care givers.

The National Organization for Rare Disorders (NORD) in the USA was one of 
the first advocacy groups to be formed, followed by Rare Diseases International, 
which is a global alliance of patients with rare diseases across various nationali-
ties and is dedicated for supporting treatment and formulating policies for rare 
disorders. Apart from these, patient advocacy groups have been formed all over 
the world, which individually or in alliance help to alleviate the various problems 
faced by individuals with rare diseases and to pressurize companies and countries to 
provide life-saving drugs and at a reasonable cost.
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3. Patient advocacy groups in India

There are many patient advocacy groups currently active in India. The Pompe 
Foundation started by Mr. Prasanna Shirol in 2008 and caters to individuals 
and families affected with Lysosomal Storage Disorders. The Metabolic Errors 
and Rare Diseases Organization of India (MERD), founded by Mr. Vikas Bhat, 
promotes awareness regarding Inborn Errors of Metabolism and newborn screen-
ing. Both these organizations have been founded by parents having an affected 
child. There are a few other advocacy groups for Spinal Muscular Atrophy (SMA), 
Spino-Cerebellar Ataxia (SCA), Duchenne Muscular Dystrophy (DMD), and 
Osteogenesis Imperfecta. Twenty-five such organizations together joined hands to 
form the Organization for Rare Diseases India (ORDI), which is actively involved 
in helping patients and their families through the involvement of NGOs. These 
advocacy groups, however, need to be better organized, so that they can obtain and 
disseminate information about diseases, diagnostics, and treatment avenues to the 
affected families.

India has a huge diversity in the kind of rare diseases seen in different states, 
which can be attributed to certain cultural practices such as consanguinity in South 
India and endogamy in the North [13]. Based on the data from these organizations, 
a Rare Disease Registry has been initiated. This has helped in re-classifying rare 
diseases based on their prevalence in different states. Diseases like β-thalassemia 
are more prevalent in Punjab, Gujarat, West Bengal, Odisha, and Andhra Pradesh 
but are rare in other states [14, 15]; hence, they cannot be classified under rare 
diseases in these states. Similarly, house-to-house survey carried out by Molecular 
Diagnostics, Counseling, Care and Research Center (MDCRC) Coimbatore esti-
mates that the prevalence of Duchenne Muscular Dystrophy in Tamil Nadu is high 
and cannot come under a rare disorder in that state [16]. Gradually, such data need 
to be combined, so that advocacy groups can focus their efforts on rare diseases and 
would help in developing a comprehensive and factual National registry, which 
would further aid in framing the National Policy for Rare Diseases [17, 18].

4. Multi-specialty hospital-based advocacy group

In this chapter, we would like to highlight our study that was to evaluate the 
feasibility of initiating an advocacy group for rare diseases in a multi-specialty 
hospital setting with the support of the Department of Genetics and Molecular 
Medicine. The genetic counselors were instrumental in liaising between different 
departments such as pediatrics, nephrology, neurology, orthopedics, and oncology 
for the identification of patients with suspected rare disease. Around 200 such 
patients were identified during the period of April 2016 to April 2019. The patient 
families were encouraged to register with the advocacy group, which would support 
and follow-up the patient and their families and provide the necessary management 
and treatment options as required.

Patients evaluated were identified and categorized based on age into the pedi-
atric and the adult age group. About 63% of the patients were in the pediatric age 
group, and the remaining 37% were in the adult age group.

4.1 Rare disease advocacy group at Kamineni Hospital

To cater to patients affected with such diverse diseases, the first hospital-based 
advocacy group was created at Kamineni Hospital, a multi-specialty hospital 
located in the cosmopolitan city of Hyderabad in South India. It was named Maitri, 
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which originates from the Sanskrit word meaning “friendship.” Maitri looks into the 
collective interests of individuals with rare diseases. The rare disease community 
is often denied the most basic of rights. Society is ill-equipped to understand the 
cause and gravity of the diseases. This often leads to a number of psychological 
problems. A diagnosis is important to understand a disease, its progression, symp-
toms, possible treatment options, and also for its prevention in future generations. 
Most individuals can lead a normal life. However, due to the lack of awareness, such 
individuals are not allowed to do so. People in general lack the sensitivity to accept 
and work alongside individuals suffering from such diseases. Maitri aims to change 
this scenario by raising awareness among clinicians, the general public, in schools, 
and colleges. It also looks into extended family screening and counseling for making 
informed reproductive decisions.

4.1.1  MAITRI (bond of friendship) – Kamineni Hospital’s rare disease advocacy 
group

The Department of Genetics and Molecular Medicine along with its team of 
genetic counselors created Maitri to collectively address the various problems faced 
by individuals suffering from rare diseases.

Objectives of Maitri:

• To raise awareness about rare diseases among healthcare professionals, general 
public, and policy makers

• To evaluate and diagnose an individual with a suspected rare disease

• To identify individuals with rare diseases at Kamineni Hospital and include 
them in the Kamineni Rare Disease Registry

• To counsel the patient, parents, and family about the disease and its prognosis, 
management, and treatment options (if any)

• To identify individuals in the extended family at risk of having the disease

• To create self-help groups of individuals with similar symptoms/problems for 
discussion and possible management options

• To help cope with psychosocial issues

• To conduct parental/family group sessions about the different rare diseases and 
on the various psychosocial problems faced by them

• To involve teachers from the pre-school level, school, special schools, and 
college level in the advocacy group. To create awareness among them and other 
teaching staff about dealing with an individual affected with rare diseases to 
integrate individuals into the mainstream schools/colleges and allow them to 
lead a normal life.

4.2 General workflow of Maitri

Every patient visiting the Department of Genetics and Molecular Medicine was 
evaluated in two or more sessions as a part of primary evaluation (Figure 1).
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Patients were segregated based on the following age groups and advised accordingly.

a. Pediatric age group:

Age 0–5 years: Parental discussions on symptom management, addressing vari-
ous needs of the child. Refer for clinical follow-up and psychological evaluation of 
the child prior to school admission.

Age 6–15 years: Addressing psychological needs of the patient. Group discussion 
programs with teachers, parents, and other healthcare professionals. Address issues 
faced at school and mitigate it.

b. Adult age group:

Age 16–22 years: Patient and parental psychological consultation to address vari-
ous psychosocial issues. One-on-one patient meetings with geneticist and psycholo-
gist to address puberty-related problems. Reproductive counseling is also given.

Age 23–40 years: Pre-marital, pre-pregnancy genetic counseling, group sessions 
with other patients and their family to address common issues. Refer for clinical 
follow-up if needed.

Age > 40 years: Group sessions for patient and families for discussion of symp-
toms, their management, possible treatment options, and psychosocial problems 
faced due to the condition. Pre-symptomatic genetic testing and subsequent advice 
for children of individuals affected with rare diseases.

• Individual patients requiring vocational, behavioral, or occupational therapy 
are referred for the same

Figure 1. 
Flowchart for the working of Maitri.
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The importance of a rare disease advocacy group at the National and 
International level has been established by many esteemed clinicians, geneticists, 
and social workers. However, such groups at a hospital setting are important in a 
country like India, where there are limited electronic medical records, and there is 
huge literary and financial disparity in the population, such advocacy groups may 
contribute to maintaining crucial information for providing better healthcare and 
support to patient families.

5. Conclusion

Hospital-based Rare Disease Advocacy Groups like Maitri are crucial in a 
number of ways they help in establishing prevalence of rare disorders through the 
hospital-based registries. They promote awareness, so that every affected individual 
may be tested for a diagnosis. Such advocacy groups help bring together families 
with same, similar, or even different rare diseases, so that they can help and sup-
port each other. Groups like Maitri also perform a very important role in extended 
family screening, wherein they identify individuals at risk of developing the 
disorder and are counseled regarding appropriate testing and preventive measures. 
It also encourages reproductive genetic counseling for the families with an affected 
individual, which would help prevent the disorder in the future generations.

Advocacy groups along with policy makers are instrumental in creating public 
awareness about such diseases. Increase in awareness would make their prevention 
a public health concern, thus making it mandatory to have definitive screening and 
preventive strategies in the country. Not only advocacy groups are important for 
the support of individual families, but they also play a role in mass awareness and 
prevention of rare diseases.
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Abstract

Rare diseases affect less than 1 in 2000 or 5 in 10,000 people by definition. Most 
of those diseases have genetic basis (80% of cases) and first symptoms appear in 
early childhood (50% of cases). Most of these diseases are chronic and degenerative 
and pharmacotherapy is not available for many of them. Until today, there are more 
than 7000 rare diseases. In Serbia, the problem of diagnosis and pharmacotherapy 
of rare diseases is currently under public scrutiny. Patients who suffer from rare 
diseases in Serbia face many challenges in terms of awareness, timely diagnosis, and 
adequate treatment. These people are often misdiagnosed or the diagnosis is delayed 
due to several problems: lack of awareness among medical professionals, lack of 
expertise, unavailability and/or high costs of diagnostic tests, etc. According to the 
National Organization of Patients with Rare Diseases in Serbia (NORBS), many 
diagnostic procedures have to be conducted abroad and the process comprises many 
difficulties: high costs, travel expenses, or transportation of biological material. 
Although national legislation ensures the availability of drugs for those diseases, 
pharmacotherapy is faced with many problems. In this work, we aim to show that 
improvement of the knowledge regarding rare diseases among both professionals 
and patients represents a crucial step for enhancement of perspectives for those 
patients in our community.

Keywords: rare diseases, pharmacotherapy, physicians, patients, knowledge, 
attitudes

1. Introduction

A rare disease or an orphan disease represents any disease that affects a small 
percentage of the population. According to data from Europe, a disease or disorder 
is defined as rare when it affects less than 1 in 2000 citizens (there are so rare 
diseases that affect 1 person in 100,000 or even less) [1].

The most significant matters concerning rare diseases (RDs) are as follows: (1) 
these diseases are often chronic, progressive, degenerative, and life-threatening; 
(2) most of them (80%) have identified genetic base; (3) in the majority of 
cases (75%), the first symptoms appear in early childhood (30% of rare disease 
patients die before the age of 5); (4) RDs represent disabling conditions: they have 
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tremendous social and socio-economic impact on one country, because they affect 
not only the patients but also their families and the whole society.

It is estimated that more than 7000 rare diseases have been detected and described 
so far. European Organization for Rare Diseases (EURORDIS) represents a unique, 
non-profit alliance of rare disease patient organizations from 72 European countries. 
According to this organization, 30 million people in Europe suffer from some of the 
numerous rare diseases. A similar organization exists in Serbia (NORBS), which 
estimates that such patients are about half a million in our community [2].

Patients suffering from RDs are faced with numerous complications: deficit 
of public and scientific education of the diseases, delay in diagnosis (or lack of 
access to correct diagnosis), heavy social consequences (stigmatization, isolation, 
discrimination, reducing professional opportunities, etc.), lack of appropriate 
quality healthcare, high prices of these drugs and complicated procedures for their 
procurement, etc. [3]. Also, people affected with RDs may require other medicinal 
devices (diapers, special nutritional preparations, wheelchairs, etc.). The fact that 
these expenses are not reimbursed by the national health insurance represents 
additional problem in everyday life of these patients and their family. All these 
obstacles have led to many charitable actions aimed at collecting donations in order 
to improve treatment solutions as well as to involve media in raising public aware-
ness of this topic [2, 3].

Although national legislation ensures the availability of drugs for those diseases, 
(“orphan drugs”), the National Register of RDs still does not exist in Serbia. It is 
important to know that there are hospital registries for some rare diseases but a sys-
temic and universal approach is still missing. Additionally, most of these conditions 
are not coded in the ICD-10, which only has codes for 500 of the rare diseases [4].

Beside this, pharmacotherapy of rare diseases in our country is also challenged 
with many difficulties, not just due to legislative obstacles. Although there are not 
enough registered orphan drugs, many of them can be found on the “black” market, 
in private pharmacies at very high prices and without adequate supervision [5].

Serbia has made certain progress in the area, but numerous unresolved issues 
remain. It should be point out that the importance of this topic was recognized 
in our country for the first time few years ago, in 2014. At that moment, certain 
amendments displayed the need for the development of centers for rare diseases 
and also declared this group of patients as a special category with the right to use 
free health insurance. In addition, a special budget from the Ministry of Health was 
assigned to finance treatment with orphan drugs [6, 7].

In addition to the above, National Organization for Rare Diseases in Serbia 
(NORBS) represents a non-governmental, non-profit organization that was 
founded in 2010 with an aim to improve the quality of life for people affected with 
RDs in Serbia.

2.  Rare diseases patients as vulnerable subjects in clinical trials: 
bioethical challenges

The particular question that arises here is related to bioethical aspects of phar-
macotherapy of these diseases and all obstacles along the way of examination of 
special kind of drugs intended to treat small number of patients (the so-called 
orphan drugs).

The issue of ethical and bioethical aspects of experiments including humans 
(which was the forerunner of clinical trials) was almost completely ignored by 
medical ethics of the late nineteenth and early twentieth century. It is relevant 
to mention that the sensitivity toward medical research subjects belonging to 
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vulnerable groups was first expressed clearly in the Declaration of Helsinki (it was 
adopted by the 18th World Medical Association General Assembly in Helsinki in 
1964, and revised several times (most recently in 2013) [8].

Generally, patients suffering from rare diseases could be considered as the 
members of vulnerable groups. As we already mentioned, most of these condi-
tions are chronic, degenerative, and life-threatening, of unknown or genetic 
origin, and mainly affect children [2, 3]. Some of these diseases have a devastat-
ing impact on all aspects of the patients’ lives and their careers. Additionally, the 
development and availability of drugs for RDs could challenge basic bioethical 
principles. Four commonly accepted principles of health care ethics, excerpted 
from Beauchamp and Childress, include the: (1) principle of respect for autonomy, 
(2) principle of non-maleficence, (3) principle of beneficence, and (4) principle 
of justice [9].

The first bioethical principle—respect for the autonomy of the patient—means 
that the patient has the capacity to act intentionally, with understanding, and with-
out controlling influences that would mitigate against a free and voluntary act. This 
principle is the basis for the practice of “informed consent” in the physician/patient 
transaction regarding health care, which represents one of postulates of modern 
clinical trial. The principle of non-maleficence requires us, as medical profession-
als, to not intentionally create harm or injury to the patient, either through acts of 
commission or omission. The meaning of the Principle of Beneficence is that health 
care providers have a duty to be of benefit to the patient, as well as to take positive 
steps to prevent and to remove harm from the patient. Finally, justice in health care 
is usually defined as a form of fairness, or as Aristotle once said, “giving to each that 
which is his due.” [9].

In addition to the above, the utilitarian concept of bioethics could not be fully 
applied in this matter since it favors development of drugs for common disorders 
instead of the rare ones. One could argue that diseases are rare but there are a lot of 
patients suffering from them [5, 6]. These diseases represent a challenge not only 
for the individual and the family of the patient but also for the medical profession-
als, the entire health care system, and the complete society.

By considering the patients suffering from rare diseases as the members of 
vulnerable groups, we want to stress the presence of individualized medicine trend 
in contemporary medicine. Ethical declarations, codices, bioethical documents, 
and the function of the ethical committees were the indicators of individualizing 
medicine trend. Regarding the rare diseases issue, the indicators of individualizing 
medicine trend are certain documents: (1) EU Regulation on Orphan Medicinal 
Products (1999); (2) EU Regulation on Pediatric Drugs (2006); (3) Programme 
of Community Action in the Field of Public Health (2007–2013); and (4) EU 7th 
Framework Programme for Research (2007–2013) [8].

It can be concluded that above-mentioned case of “moving” from a random 
sample of hospitalized patients to specific group of patients, members of vulner-
able groups, is the indicator of individualizing medicine trend and it continues to 
develop. One of its goals is certainly, we consider, the rare disease issue and the 
specific patient-physician encounter that includes the rare disease patient, namely, 
the patient sui generis as the subject of specific therapeutic research [8].

3. The aim of our study

Our research group deals with different aspects of rare diseases in our commu-
nity: pharmacotherapy, bioethical issues, social significance, importance of educa-
tion among medical students, patients, and professionals, etc.
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In the first part of this work, we will briefly present the main results of the pilot 
study regarding pharmacotherapy of rare diseases conducted among physicians and 
clinical pharmacists who deal with these kinds of patients in Serbia.

In the next part of examination, we will present the main results of the survey 
conducted among patients suffering from rare diseases in our country.

4.  The knowledge and attitudes of physicians and clinical pharmacists 
regarding pharmacotherapy of rare diseases in Serbia: a pilot study

In Serbia, clinical trials in the field of rare diseases are extremely rare and mainly 
relate to rare oncological diseases.

We considered that it would be important to examine the attitudes and knowl-
edge of physicians and clinical pharmacists regarding the pharmacotherapy of rare 
diseases in Serbia. An anonymous pilot survey entitled “Attitudes of Physicians and 
Pharmacists Regarding Pharmacotherapy of rare diseases in Serbia” was designed 
and conducted by employees of the Department of Pharmacology, Clinical 
Pharmacology and Toxicology in a selected sample of subjects (N = 11, Internal 
Medicine Clinic and Central Pharmacy, KBC “Bezanijska Kosa” in Belgrade).  
The survey consisted of both open- and closed-ended questions. The attitudes of 
medical professionals were assessed by the 10-point Likert scale. The total response 
rate was 97.2%.

4.1  Physicians’ and pharmacists’ knowledge and attitudes concerning rare 
diseases: results

Our respondents found that the greatest problems of patients suffering from 
rare diseases in our environment are: lack of scientific knowledge (23%), com-
plicated procedures for the procurement of drugs (21%), the lack of a sufficient 
number of registered medicines for these diseases (14%), etc. Although our exam-
inees considered this issue as highly important in our country (on a scale of 0–10, 
our respondents gave an average score of 9), the majority of them (64%) assessed 
they were not sufficiently familiar with the existing legislation. According to our 
respondents, the treatment of patients with rare diseases in our environment can 
be improved: by forming a National Strategy for RDs (23%), raising general and 
professional awareness (20%), by creating a register of patients with rare diseases 
(20%), etc.

5.  The knowledge and attitudes of patients suffering from rare diseases 
in Serbia

In the next part of our investigation, we performed a cross-sectional study 
for 5 weeks on outpatients and inpatients (Neurology Clinic, Department for 
Neuromuscular Disorders, Clinical Center of Serbia) who suffered from rare 
neurological diseases.

The anonymous questionnaire concerning the knowledge and attitudes of rare 
diseases and its pharmacotherapy was completed by a total of 60 patients (39 were 
male and 21 were female). The questionnaire consisted of both open- and closed-
ended questions, and patients’ attitudes were assessed by the 10-point Likert scale.

All of our respondents suffered from different neurological diseases (myasthe-
nia gravis, myotonic dystrophy, polyneuropathy, multiple sclerosis, syringomyelia, 
amyotrophic lateral sclerosis, etc.). The total response rate was 95.83%.
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5.1 Patients’ knowledge and attitudes concerning rare diseases: results

This part of our survey showed that slightly more than a third of participants 
knew the exact prevalence and definition of rare diseases in Europe. Although more 
than 70% of patients answered they knew what kind of disease is defined as “rare,” 
only half of the participants believed that they suffered from rare disease.

Our respondents found that dealing with this issue in our community is very 
important (median value: 9; interquartile range: 8–10), while availability of “orphan 
drugs” is still poor (median value: 2; interquartile range: 1–6).

The most important problems faced by patients suffering from rare diseases in 
Serbia include: lack of public and scientific knowledge (21.83% and 14.78%), insuf-
ficient number and cost of orphan drugs (14.08%), legislative obstacles (12.67%), 
delay in diagnosis and misdiagnosis (12.67%), etc.

It should be pointed out that only 16.6% of examined patients were part of some 
rare diseases patients’ organizations and just a quarter of our respondents (26.6%) 
agreed to participate in clinical trials concerning orphan drugs.

According to our participants, the availability of drugs for RDs could be 
enhanced by the efforts of: the state (55%), medical doctors (30%), pharmaceutical 
companies and pharmacies (10%), rare diseases patients’ organizations (3.33%), etc.

Finally, in order to improve the pharmacotherapy of RDs in our country, the 
examined participants suggested the following: well-timed diagnostics (25.78%), 
progress of the general awareness regarding this topic (22.64%), clarified orphan 
drug approval processes (16.9%), registration of more RDs drugs (11.3%), creating 
a RDs patients’ register (7.6%), forming a National Strategy for RDs (6.2%), full 
implementation of legislation (4.7%), adequate control of orphan drugs available in 
private pharmacies in Serbia (4.25%), etc.

6. Discussion

In general, our questionnaires showed that the examined physicians and clinical 
pharmacists, as well as patients, were very interested in expressing their attitudes 
regarding the issue of rare diseases and their treatment in our country. This is 
confirmed by the high percentage of provided answers (the total response rate was 
97.2% and 95.83%, respectively).

The first thing to notice here is that both the patients and medical professionals 
did not show sufficient knowledge regarding this topic. It is important to emphasize 
that both groups of our participants were directly involved in this issue (for survey, 
medical professionals who were in daily practice in contact with RDs patients and 
patients who belonged to the RDs patients’ group by definition were selected).

Our respondents estimated the importance of rare diseases in our society as a 
problem of crucial importance. Here, we noticed a significant difference in attitudes 
between RDs patients and third- and sixth-year medical students that we have 
examined in previous research (P < 0.01). In opposite, the observed patients and 
examined students showed a similar opinion regarding the overall quality of health 
care of RDs patients, rated it as insufficient (P < 0.05) [10].

We need to reveal that the issue of pharmacotherapy of rare diseases involves 
different kind of ethical dilemmas and controversies. That is why we strongly 
believe that understanding and analyzing such a sensitive topic must also imple-
ment knowledge of basic principles of biomedical ethics [11–14].

In our survey, respondents found that the state was most responsible for the 
improvement of availability of orphan drugs. However, we need to be aware that 
national policies and activities of the state start from the initiative of those who 
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participate in the health system of one country (policy-makers, members of the regu-
latory bodies, medical doctors, pharmacists, patients, etc.). Our research has shown 
that patients do not participate sufficiently in these activities and do not take an active 
role in the fight to improve their position in society. Related to these findings, Baker 
and Trisnadi in their works emphasized the importance of understanding personal 
responsibility to address a bioethically vulnerable issue in one community [15, 16].

In the last three decades, the concept of “medicalization” of society (“a pill for 
every ill”) has been increasingly present in numerous bioethical debates [17]. In 
contrast to this phenomenon, there is a real need to develop novel drugs for rare 
diseases and their inaccessibility in many societies, on the one hand, and the lack of 
concern of the pharmaceutical industry regarding this topic, on the other [18, 19].

A controversial and substantive question would be is it reasonably and ethically 
justified to invest large amounts of money to treat a small number of patients? In a 
previous study performed on third- and sixth-year medical students, we received 
an affirmative answer to this question in both groups (P < 0.05) [10].

The most important results of survey conducted among third- and sixth-year 
medical students are shown in Table 1.

Finally, in order to improve the pharmacotherapy of rare diseases in Serbia, 
medical professionals and patients similarly suggested: improvement of general and 
scientific knowledge, well-timed diagnostics, simplified procedures for drug provi-
sion, registration of more appropriate drugs, etc. (see Tables 2 and 3).

The first comprehensive study was recently published by Joldic et al. related 
to the needs of patients with rare diseases in Serbia. According to this paper, four 
different groups of needs are identified: needs for health care, needs for social 
care, psychological needs, and other needs. The most important problems of 
RDs patients and their families arise first from the insufficient information and 
knowledge on this topic and second from the non-recognition of rare diseases in the 
legislation of health care system [7, 20–24].

The most important problems of patients (%) Third year Sixth year P value

Lack of information in general public 67.71 56.61 <0.01

Lack of scientific knowledge 31.42 37.19 >0.05

Lack of access to correct diagnosis 46.28 42.56 >0.05

Lack of appropriate quality health care 49.71 40.08 <0.05

Lack of a sufficient number of registered drugs 41.43 70.24 <0.0001

Complicated procedures of drug provision 60.00 63. 22 >0.05

High prices of drugs 86.29 80.58 >0.05

Other causes 2.00 1.65 >0.05

How to improve pharmacotherapy of rare diseases (%)

Raise general awareness and expertise 30.57 60.00 <0.0001

Well-timed diagnostics 44.86 63.22 <0.0001

Simplified procedures for drug provision 50.00 70.66 <0.0001

Registration of more appropriate drugs 55.43 69.01 <0.01

The establishment of the National Plan for Rare 
Diseases

64.57 74.38 <0.05

Create the registry of rare diseases 54.58 53.72 >0.05

Bold values are represented statistically significant difference between groups.

Table 1. 
Medical students’ knowledge and attitudes concerning rare diseases.
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7. Conclusions

We can conclude that our participants showed will to express their atti-
tudes regarding this important medical, societal, and bioethical concern in our 

The most important problems of patients (%)

1. Lack of scientific knowledge 23

2. Complicated procedures for the procurement of drugs 21

3. Lack of a sufficient number of registered drugs for these diseases 14

4. Lack of access to correct diagnosis 12

5. Complicated procedures of drug provision 11

6. High prices of drugs 11

7. Other 8

How to improve pharmacotherapy of rare diseases (%)

1. The establishment of the National Strategy for Rare Diseases 23

2. Raise general and professional awareness 20

3. Create registries of rare diseases 20

4. Well-timed diagnostics 18

5. Registration of more appropriate drugs 13

6. Other 6

Table 2. 
Physicians’ and pharmacists’ knowledge and attitudes concerning rare diseases.

The most important problems of patients %

1. Lack of public knowledge 21.83

2. Lack of scientific knowledge 14.78

3. Lack of a sufficient number of registered drugs 14.08

4. Lack of access to correct diagnosis 12.67

5. Complicated procedures of drug provision 11.75

6. High prices of drugs 11.30

7. Unavailability of these drugs in private pharmacies 8.40

8. Other 5.19

How to improve pharmacotherapy of rare diseases %

1. Well-timed diagnostics 25.78

2. Raise general awareness 22.64

3. Simplified procedures for drug provision 16.90

4. Registration of more appropriate drugs 11.30

5. Create registries of rare diseases 7.60

6. The establishment of the National Strategy for Rare Diseases 6.20

7. Full implementation of legislation 4.7

8. Other 4.88

Table 3. 
The knowledge and attitudes of patients suffering from rare diseases
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community. Patients, as well as medical doctors and pharmacists, are aware of the 
most significant challenges concerning this topic in Serbia.

However, we need to improve both knowledge and attitudes of all participants 
in the health care system. Patients should be encouraged to more actively advocate 
for their rights through the formation of associations, and medical professionals to 
make greater efforts in the field of education on this subject.

Additionally, we believe that education is very important among medical 
students as future physicians, as our previous research has proven.

Finally, we would like to point out that at this moment our country has already 
conducted different kind of activities in order to create national strategy and regis-
tries of RDs, to form centers of expertise, to improve accessibility of orphan drugs, 
etc. Concerning this, we consider this is the critical point for conducting public 
discussion regarding this issue. An initiative like this should involve not just medical 
professionals and regulatory bodies, but the RDs patients and the general public as 
well. We strongly believe this is the unique way to significantly improve the position 
of these patients in our community in future.
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Abstract

The molecular analysis of individual hematopoietic chimerism at a defined time
after allogeneic hematopoietic stem cell transplantation represents an important
non-specific marker of posttransplant course. The monitoring of its dynamic allows
the identification of patients at a high risk of relapse. A variety of methods are used
for the monitoring of cell chimerism. It is necessary to use sensitive molecular
genetic methods for early detection of the autologous hematopoiesis. Quantitative
multiplex real-time polymerase chain reaction (PCR) analysis can serve as a very
sensitive (0.01–0.1%), relatively quick, and inexpensive method to detect <1% of
minor genotype. With an increasing ratio of minor genotype (>1%), it is more
suitable to use short tandem repeats (STRs) for its analysis. Based on the differences
in recipient/donor pair genotypes, at least two suitable informative polymorphisms
located at different chromosomes can be selected. The combination of methods is
appropriate, and the choice of the used method depends on the patient’s actual
chimerism status. The cohort of 207 patients monitored at the Institute of Hema-
tology and Blood Transfusion was divided into three subgroups according to their
chimerism status (complete chimerism (CC), microchimerism, mixed chimerism
(MC)) 3 years after allogeneic hematopoietic stem cell transplantation (allo-HSCT).
A significant difference in the 3-year survival and 3-year relapse rates in all three
subgroups was found.

Keywords: chimerism, hematopoietic stem cell transplantation,
real-time polymerase chain reaction, short tandem repeats

1. Introduction

The term chimerism comes from Greek mythology. A chimera is a creature with
a lion’s head, a goat’s body, and a snake’s tail. In biology, it is a unique state where
cells from genetically different individuals coexist within one body [1].

A chimerism can spontaneously occur in several situations; probably the most
common is the persistence of fetal progenitor cells in maternal blood [2]. On rare
occasions, a chimerism can be developed in the uterus through the fusion of two
genetically different zygotes (so-called tetragametic chimerism) or from a stem
cell transfusion between dissimilar fraternal twins that share a placenta [3].
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The latter possibility is an engraftment of maternal hematopoietic stem cells,
especially in children with severe combined immunodeficiency.

Artificial cell chimerism can arise after transplantation of an organ, tissue, or
hematopoietic stem cells (HSCT). The allogeneic HSCT (allo-HSCT) is one of the
most used curative options for the treatment of hematological malignant and
nonmalignant diseases, and for some diagnoses, it is currently the only available
therapy. The long-term success of allo-HSCT depends on many factors such as an
appropriate condition regimen (which destroys all leukemic cells), the state of
patient in the time of HSCT (active disease vs. disease remission), the donor’s age
(T lymphocytes of younger donors are more willing to activate and destroy leuke-
mic cells), the modification of the graft (T-cell-depleted graft vs. unmanipulated
graft), and engraftment dynamic of HSC (it was proved that early achievement of
full donor chimerism predicts lower relapse risk in acute lymphoblastic leukemia
(ALL) patients) [4].

The analysis of cell chimerism is an integral part of the posttransplant monitor-
ing of patients. In the immediate posttransplant period, this determination enables
the identification of engraftment dynamics or graft failure, and it allows the early
detection of a patient’s increasing hematopoiesis which indicates a disease relapse.

The principle of the examination is based on the fact that each person has a
unique DNA structure that comprises a set of highly variable polymorphisms; most
polymorphisms are found in the noncoding regions of the genome [5, 6]. Thus, a
comparison of the variable DNA polymorphisms of a patient and a donor provides
information about the origin of the cells in almost every case.

2. Methods for the monitoring of cell chimerism

There are a number of molecular methods (e.g., sex-specific markers,
fluorescence in situ hybridization (FISH), cytogenetic methods, erythrocyte
phenotyping) that have been used for some time for the monitoring of cell
chimerism; however, all of these techniques have their own limitations. They are
laborious or time-consuming as well as have low informativity and sensitivity,
(for a review, see [7, 8]).

2.1 History of molecular genetic methods

The first method of DNA analysis to take advantage of sequence polymorphisms
was the method of restriction fragment length polymorphism (RFLP) where geno-
mic DNA is digested with restriction endonucleases (restrictases) [9]. The size of
the generated fragments is individually specific and depends on the various num-
bers of repetitive units in different individuals. All restriction fragments can be
subsequently separated by gel electrophoresis. Southern blotting is used to transfer
DNA from gel to filter membrane. The fragments are then detected by probe
hybridization. For RFLP analyses it is necessary to extract high molecular weight
undegraded genomic DNA.

The revolution in the monitoring cell of chimerism arose with the introduction
of polymerase chain reaction (PCR) [10]. The first historical method based on PCR
is amplified fragment length polymorphism (AFLP) [11]. Genomic DNA is digested
by restriction enzymes, and the adaptors are subsequently ligated to the restriction
fragments followed by selective PCR amplification with primers compatible to the
adaptor’s sequence. The amplicons are then separated by gel electrophoresis.

In laboratory practice, the most common current methods for long-term
monitoring of cell chimerism are summarized in Table 1. They are based on the
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genotyping and quantification of different polymorphisms using PCR which
provides an unlimited number of copies of a specific DNA segment based on
a single copy.

2.2 Types of polymorphism

Length polymorphisms (loci) are repetitive tandem sequences and individual
alleles (gene forms) that differ in the number of repeats of a sequence motif.
These loci are widespread throughout the human genome and show sufficient
variability among individuals in a population. They have become important in
several fields including genetic mapping; linkage analysis; and human identity
testing. These tandemly repeated regions of DNA are typically classified into several
groups depending on the size of the repeat region such as variable number of
tandem repeats (VNTRs) and short tandem repeats (STRs). The other types
of polymorphisms are short insertions and deletions (InDels) or single-nucleotide
polymorphisms (SNPs).

2.2.1 VNTR

VNTR polymorphisms are minisatellite DNAs with a total sequence length of up
to 1000 base pairs and with a repetitive sequence motif of more than 6 base pairs.
The benefit of VNTR analyses by PCR is a high degree of discrimination and
unlimited quantitative determination, but, on the other hand, the disadvantage is
the low sensitivity of the method (ranges from 1 to 5% depending on the analyzed
VNTR locus and the combination of recipient-donor allele pair). The PCR products

VNTR STR InDel SNP

Type of
polymorphisms

Length Length Insertion and
deletion

Point

Sequence motif
size

10–100 bp 2–6 bp 1–10,000 bp 1 bp

Analysis PCR-specific repetitive
sequence and
subsequent to the
fragment separation on
agarose gel by
electrophoresis

PCR-specific
repetitive sequence
and subsequent to the
fragment separation
on polymer by
capillary
electrophoresis

Quantitative
real-time PCR

Quantitative
real-time PCR

Sensitivity 1–5% 0.4–1% 0.01–0.1% 0.01–0.1%

Advantages High informativity,
unlimited quantitative
determination

High informativity,
unlimited
quantitative
determination

Highest
sensitivity, rapid

Highest
sensitivity, rapid

Disadvantages Low sensitivity, time-
consuming

Moderate sensitivity Lower
informative,
lower accuracy
in the majority
of genotype
quantification

Lower
informative,
lower accuracy
in the majority
of genotype
quantification

VNTR, variable number of tandem repeats; STR, short tandem repeats; InDels, short insertions and deletions; SNP,
single-nucleotide polymorphism; PCR, polymerase chain reaction.

Table 1.
Current possibilities of polymorphism analysis.
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(VNTR alleles) are visualized by fragment analysis via agarose gel electrophoresis,
and when the donor’s and the recipient’s genotypes are detected in the sample
together, the level of chimerism is determined densitometrically.

2.2.2 STR

STR polymorphisms are the repetitive sequences of microsatellite DNAs com-
posed of up to one to six base pairs [12]. However, the most common STRs can
reach, in their final range, from 100 to 500 base pairs [13]. The number of STR
repetitive units may vary widely in populations. There are literally hundreds of STR
systems which have been mapped throughout the human genome [14]. These STR
loci are found on almost every chromosome. Since 1997, the National Institute of
Standards and Technology (NIST) has compiled and maintained a Short Tandem
Repeat DNA Internet Database [15] commonly referred to as STRBase. This
STRBase includes used resources and the summary of human STR polymorphisms,
their basic information, chromosomal location, overview of alleles, population
studies, or available commercial kits. Observed alleles and annotated sequences for
each STR locus are described along with a review of STR analysis technologies [16].
STR markers show a high level of polymorphism and consequently provide a sig-
nificant degree of dissimilarity between individuals [17]. At present, they are con-
sidered to be the most informative genetic markers in the characterization of
biological material. STR analysis is a very robust method with a sensitivity of 0.4–
1% of minor genotype. Compared to VNTR, this method uses smaller quantities of
DNA, including degraded DNA. STR polymorphisms may be amplified using a
variety of PCR primers. Nowadays, a lot of multiplex kits are available on the
market for human genotyping. The method is based on selective PCR of DNA
segments with examined polymorphisms. PCR primers are fluorescently labeled.
Separation of the fragments takes place subsequently in the genetic analyzer by
capillary electrophoresis, as the carrier medium is used a polymer. In the genetic
analyzer, fluorophores are excited by a laser ray to label DNA fragments.
Fluorophores absorb laser light and emit light at a longer wavelength. Using an
optical system, the emitted light is detected and recorded on a charge-coupled
device (CCD) chip. STR alleles are visualized by specific software-like peaks. The
area or height of peaks is used for quantification.

2.2.3 InDel and SNP

InDels are biallelic polymorphisms classified among small genetic variations,
measuring from 1 to 10,000 base pairs in length [18, 19].

SNP is the smallest possible change in DNA sequence in individuals of a
given population. SNPs are most often formed by a point mutation mechanism
that is substitution-like, less often by deleting or inserting at a particular DNA
site. The distribution of SNPs in the genome is not homogeneous. More often,
they occur in noncoding regions, on average 1 of 1000 bp in any selected region
of the genome.

SNP and InDel analysis are performed by real-time quantitative polymerase
chain reaction (RQ-PCR) with specific primers designed to contain appropriate
insertions or deletions or point-to-point substitutions. Real-time PCR allows accu-
rate quantification of amplified products by detection of fluorescence released
during the exponential phase of the reaction. This method can use the non-specific
intercalating fluorescent DNA-binding dye SYBR Green that binds all double-
stranded DNA [20]. More often TaqMan technology is used [21], which utilizes a
fluorescent-labeled target-specific probe resulting in an increased specificity and
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sensitivity compared to the SYBR Green method. Additionally, a variety of fluores-
cent dyes are available so that multiplex PCR can be used to simultaneously amplify
and detect many sequences. The TaqMan probe consists of a fluorophore covalently
attached to the 50 end of the oligonucleotide and the quencher at the 30 end. If the
probe is in an intact state, even when the probe is hybridized to the target sequence,
the emitted fluorescence is suppressed by the quencher. Only during the elongation
phase, when the Taq polymerase with its 50 exonuclease activity degrades the
specifically bound TaqMan probe complex and releases the fluorophore from the
quencher, can fluorescence occur and then be measured. The fluorescence intensity
is directly proportional to the amount of PCR product. The calculation of the
relative amount of target DNA in a sample is done by comparing the Ct values (the
threshold cycle, at which the emitted fluorescent signal exceeds the statistical sig-
nificance level). The resulting portion of the gene of interest (GOI) is calculated by
the ΔΔCT method [22]. Data are normalized with the reference (housekeeping)
gene, and the amplification and detection of the GOI and the reference gene can be
analyzed as a singleplex or multiplex reaction. The multiplex RQ-PCR assay is a
quick, sensitive, reproducible, and cost-effective method for an accurate assessment
[23]. Multiplex RQ-PCR in a routine practice enables an increase in throughput and
reliability, with a reduction in pipetting errors. The sensitivity of this method is
about 0.01% of the minor genotype. Due to the influence of the so-called Monte
Carlo effect (a greater degree of random effect on very low percentages), it is
appropriate to define the lowest significant detection limit of the method. On the
other hand, the RQ-PCR is suitable to use for the quantification of up to about 10%
of the minor genotype, since it has a lower accuracy at higher percentages.

3. Standard procedures for the monitoring of cell chimerism at the
Institute of Hematology and Blood Transfusion

3.1 Informativity determination

The informativity determination always precedes the monitoring of cell chime-
rism. Recipient and donor DNAs are tested by a panel of highly polymorphic STRs
and InDels by multiplex kits. VNTRs and SNPs are not used in our laboratory.
Currently, the PowerPlex 16HS System (Promega, Madison, WI, USA) kit is used
routinely for STR analysis; the kit contains 13 basic Combined DNA Index System
(CODIS) core STR loci [24], sex-specific locus amelogenin, and 2 other
pentanucleotide repeat polymorphisms Penta D and Penta E. For the genotyping of
deletion–insertion polymorphisms (DIP), a Mentype DIPscreen (Biotype, Dresden,
DE) kit is used that amplifies 33 DIP loci and amelogenin. A comparison of the
donor’s and the recipient’s DNA profiles allows to select the specific informative
markers suitable for the monitoring of cell chimerism during the posttrans-
plantation course. We choose at least two informative polymorphisms located at
different chromosomes specific for the recipient. It is necessary to take into account
the potential cytogenetic changes that are associated with different types of cancer
(such as genome instability, loss of heterozygosity, and chromosomal changes)
[25, 26]. Only informative recipient alleles by at least n � 2 repeats outside stutter
region (preferably by 2–4 longer) are used for calculation. An artifact of PCR, the
so-called DNA stutter, is a result of strand slippage during DNA synthesis, showing
up primarily one repeat before and, less frequently, one repeat after the true allele.
The result of quantification is that such an allele would lead to an incorrect inter-
pretation. It is always appropriate to quantify the minor genotype; therefore, in the
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case of graft rejection or graft failure (the donor’s cells are present in <50%),
we choose two informative polymorphisms specific for donor in the same way as
the recipient.

3.2 Interpretation of chimerism status

Chimerism is a dynamic process, so the proportion of autologous cells after
allo-HSCT can change during monitoring. It is therefore necessary to approach
each patient individually and to select appropriate methods for quantification.

An overview and definition of the chimerism status are given in Table 2. Under
optimal conditions, we can detect only the donor’s genotype after allo-HSCT; thus,
the recipient’s hematopoiesis is completely replaced with the donor’s graft. We
interpret this as a complete chimerism (CC). In our laboratory the CC is detected by
RQ-PCR, and, based on clinical validation, the significant detection limit was
defined as ≤0.035% of the recipient’s genotype (due to Monte Carlo effect as
mentioned in point 2.2.3). The detection of recipient’s genotype of less than 1% is
interpreted as a microchimerism (range from ≥0.036 to <1%), and the presence of
more than or equal 1% is interpreted as mixed chimerism (MC). The percentages of
the individual alleles are then quantified by STR analysis. If we detect only the
recipient’s genotype or the donor’s genotype less than 0.035%, transplant rejection
and a complete recovery of the original hematopoiesis have occurred. Split chime-
rism can be seen in the analysis of cell fractions. This means that MC is detected in a
certain leukocyte line, but in another cell line, it is CC. The analysis of cell sub-
populations makes it possible to distinguish between residual malignant cells and
nonmalignant hematopoiesis. More often, the fraction of monocytes, granulocytes,
natural killer (NK) cells, T lymphocytes, and B lymphocytes is examined. The
analysis of chimerism of T lymphocytes and NK cells can help, especially, as a guide
to additional therapy in order to avoid graft rejection. The analysis of chimerism
in cell fractions is particularly important for patients with a reduced intensity
regimen before allo-HSCT or patients with autoimmune disease.

The interpretation of bone marrow samples is more difficult. Microchimerism is
often detected as a result of the contamination of the primary sample by bone
marrow stromal cells of the recipient. Therefore, microchimerism below 0.5% of
the recipient’s genotype is considered to be insignificant. The proportion of autolo-
gous hematopoiesis in the bone marrow can fluctuate over time, especially in the
early period after allo-HSCT. In making a clinical decision, it is more important to
watch the dynamics of chimerism and take into account the patient’s diagnosis
rather than the individual values of microchimerism or MC.

Chimerism status Definition

Complete chimerism (CC) Detection of donor’s genotype only or ≤0.035% recipient’s genotype

Microchimerism Detection of donor/recipient ratio ≥0.036 to <1%

Mixed chimerism (MC) Detection of donor/recipient ratio ≥1%

Split chimerism Mixed chimerism is detected in a certain leukocyte line, but in
another cell line, it is complete chimerism

Autologous hematopoiesis Detection of recipient’s genotype only or ≤0.035% donor’s genotype

Table 2.
Interpretation of chimerism status.
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3.3 Posttransplant monitoring

The monitoring of cell chimerism consists of analyzing 2–3 selected informative
polymorphisms. The frequency of monitoring after graft transfer is performed
under our standard days (D) +14, +21, and +28 after allo-HSCT in both adult and
pediatric patients. Subsequently, in pediatric patients, the intervals of examination
are every 2–3 weeks up to D + 180, once a month to the first year after allo-HSCT,
later every 2–4 months up to 3 years after allo-HSCT, and every 6–12 months up to
5 years after allo-HSCT according to the dates of outpatient’s controls. In adult
patients, examinations from the second month after allo-HSCT are carried out in
monthly intervals up to 2 years and, throughout the next period, at least every
6 months. The frequency of examinations depends on the patient’s medical condi-
tion, diagnosis, the dynamics of their chimerism status, and especially the physi-
cian’s decision. In cases of increasing microchimerism or MC detection after the
previous period of CC, an intensive investigation scheme is recommended due to
the risk of graft rejection or relapse of the primary disease.

In the first samples after allo-HSCT, the detection of MC can be expected. If the
recipient’s genotype fraction falls below 50%, we can interpret this as the so-called
engraftment of the donor’s cells. The MC gradually decreases until the patient
reaches CC. The median achievement of CC is most often D + 21 or D + 28 after allo-
HSCT and depends on the patient’s diagnosis and many other factors such as the
regimen of allo-HSCT or the quality of the graft.

The choice of method used depends on the patient’s actual chimerism status.
Due to the high sensitivity of the RQ-PCR method, in combination with STR
analysis, it is advisable to use RQ-PCR for the monitoring of patients in cases where
CC, microchimerism, or MC up to 10% has been detected. On the other hand, with
a rising trend of MC, it is better to use only STR analysis for quantification. For
more accurate determination, it is always necessary to analyze the informative
polymorphisms that detect a minority genotype. This means that in cases where the
MC increases over 50% of the recipient’s genotype, it is preferable to select donor-
specific polymorphisms for quantification.

3.4 The importance of microchimerism

The introduction of the RQ-PCR method for the monitoring of cell chimerism as
a part of routine examination has improved significantly the sensitivity of the
assessment. Its high sensitivity of 0.035% allows for a much earlier detection of
relapses than conventional methods (VNTR and STR). The importance of
microchimerism detection was confirmed by us and many other studies [27–30],
and we would like to present our retrospective data below.

3.4.1 Patients and methods

A group of 224 patients, from HLA-identical-related and HLA-identical-
unrelated donors, who underwent allo-HSCT between 2011 and 2015 at the Institute
of Hematology and Blood Transfusion, were enrolled in this study. Patients with
early HSCT-associated mortality (less than 14 days), another allo-HSCT before the
third year, with no RQ-PCR analyses or with a loss of follow-up were excluded. In
total, 207 patients were eligible for analysis of cell chimerism dynamics. The test
group was divided into 3 subgroups according to chimerism status 3 years after allo-
HSCT: patients with CC (137), patients with microchimerism (38), and patients
with MC (32). The patients’ characteristics are listed in Table 3.
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DNA from whole peripheral blood samples was isolated by means of a salting-
out procedure [31] and diluted to a final concentration of 50 ng/μL. The combina-
tion of InDels by RQ-PCR, in conjunction with STR analysis by fragment analysis,
was used to determine the chimerism status. Fragment analysis of the resulting PCR
products was performed on an automated 3500 Series Genetic Analyzer (Thermo
Fisher Scientific, Waltham, MA, USA), and data were processed by GeneMapper v5
software (Thermo Fisher Scientific). Quantification of MC was determined using
the peak areas representing specific alleles. InDel analysis was performed by means
of TaqMan technology. Rotor-Gene machine (Corbett Life Science, Sydney, New

Number %

Patient characteristic 207 100

Age

Median: 53 years (range 20–67 years)

Sex

Male 130 63

Female 77 57

Diagnostic group

AML 91 44.0

CML 9 4.3

MDS 22 9.6

ALL and LBL 20 9.7

Myeloproliferative disease and MDS/MPS 18 8.7

B-cell non-Hodgkin’s lymphoma 10 4..8

CLL, SLL, PLL 17 8.2

Mature T-cell and NK-cell lymphomas 11 5.3

Hodgkin’s lymphoma 2 1.0

Other diseases 7 3.4

Transplant characteristic

Donor

HLA match 207 100

Match family donor 64 31

Match unrelated donor 143 69

Conditioning regimen

Myeloablative 126 61

Nonmyeloablative 81 39

Stem cell source

PBPC 180 87

BM 27 13

Abbreviations: AML, acute myeloid leukemia; CML, chronic myeloid leukemia; MDS, myelodysplastic syndrome;
ALL and LBL, acute lymphoblastic leukemia and lymphoblastic lymphoma; MDS/MPS, myelodysplastic/
myeloproliferative neoplasms; CLL, SLL, PLL, chronic lymphoblastic leukemia, small lymphocytic lymphoma,
prolymphocytic leukemia; PBPC, peripheral blood progenitor cells; BM, bone marrow.

Table 3.
Patient characteristics.
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South Wales) and Rotor-Gene 6 software were used for evaluation. The percentage
of microchimerism was calculated by the ΔΔCT method. Data were normalized
with the glyceraldehyde-3-phosphate dehydrogenase as a reference gene.

The impact of chimerism status on the 3-year overall survival of allo-HSCT
patients and 3-year relapse rates was evaluated using GraphPad Prism 7 software
(La Jolla, CA, USA). The logrank (Mantel-Cox) test was used for comparison of
survival curves.

3.4.2 Results

The 3-year overall survival probability (Figure 1) in our cohort was 59%, and a
significant difference was found in all three subgroups: CC vs. MC (p < 0.0001);
CC vs. microchimerism (p < 0.0001); and MC vs. microchimerism (p = 0.0485).
Overall 85 patients died: the main cause of death was a relapse of the primary
disease (24%); in the second it was pneumonia (20%); and in the third it was
multiple organ failure (15%). Infections, acute GvHD, cerebrovascular accident,
other pulmonary complications, and heart attack occurred less frequently. How-
ever, if we take into account the distribution of patients in the three subgroups
according to their chimerism status, the main cause of death in the CC subgroup
was pneumonia (24%), other infections (16%), and multiple organ failure (16%);
the relapse was only 5% (two patients). In these patients, the last available sample
was taken 2–3 months prior to the relapse date. In the microchimerism subgroup,
the main cause of death was relapse (36%), the second most often was multiple
organ failure (18%), and in the third, it was pneumonia (14%). In the MC subgroup,
most patients died of a relapse (38%), followed by pneumonia (19%), and multiple
organ failure (12%).

Overall, the relapse mortality was 67%. In a correlation of 3-year overall relapse
rates (Figure 2), there was a significant difference between all subgroups: CC vs.
MC patients (p < 0.0001), CC vs. microchimerism patients (p = 0.0073), and MC
vs. microchimerism patients (p = 0.0007). Patients with MC relapsed in 72% of
cases, and the subsequent mortality was 87%. The detection of MC, especially in the
early period after allo-HSCT, is thus an important high-risk factor for a relapse of
the disease. In the microchimerism subgroup, patients relapsed in 34% of cases with
a mortality rate of 69%. The patients with microchimerism are considered to be
potentially at risk. In the CC subgroup, patients relapsed in 15% of cases with a
mortality rate of 29%.

Figure 1.
Three-year overall survival probability according to chimerism status.
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4. Discussion

During the last decades, the effect of MC on the occurrence of imminent relapse
has been investigated. At the beginning of the monitoring of cell chimerism by
RFLP, red cell phenotyping, cytogenetic analysis, or VNTR analysis, there was no
correlation found between the presence of MC and a relapse of the primary disease
[32, 33]. Following the advances in methodology and the introduction of more
sensitive methods for the monitoring of cell chimerism, scientists are increasingly
convinced that there is a connection between the presence of MC and the incidence
of relapse [34, 35]. These observations also support findings that studied the corre-
lation of MC, minimal residual disease, and the presence of a relapse [36, 37]. Our
results support this notion since we found a statistical significant difference
between 3-year relapse rates and 3-year survival probability between all three sub-
groups based on their chimerism status. In addition, there were differences in the
main causes of death: patients with MC and microchimerism died most often with a
relapse, whereas CC patients died mostly of pneumonia.

In the group of patients with MC, it is also advisable to consider the issue of
persisting MC (PMC). In the case of PMC, it depends on the diagnoses. In some
diagnoses, PMC is typical and, usually, does not lead to a relapse (e.g., in
nonmalignant diseases). In another diagnosis, PMC could be a problem; for
instance, in MC patients who have a high percent of autologous cells immediately
after the transplantation, it can often lead to a relapse, and the patients are often
retransplanted. In our cohort of MC patients, there were eight patients without
relapse. One of them relapsed shortly after 3 years, six patients died within first year
after allo-HSCT from other causes, and one patient with primary myelofibrosis has
never reached CC, and he is still around 1% of autologous hematopoiesis without
recurrence of the disease 7 years after allo-HSCT.

The introduction of the RQ-PCRmethod for cell chimerism level monitoring as a
part of routine examination has improved significantly the detection of
microchimerism. The early identification of patients at risk is now possible, and,
due to the early therapeutic intervention, we can avoid the progression to a high-
risk category of MC. Thus, early detection of autologous hematopoiesis is essential
for survival. In the case of MC or microchimerism detection, it is necessary to
accurately quantify the proportion of recipient genotype and monitor its dynamics
over time.

Recently, other studies have also begun to focus on the monitoring of cell
chimerism using the latest technologies such as digital PCR [38] or next-generation

Figure 2.
Three-year overall relapse rates according to chimerism status.
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sequencing [39]. The incorporation of these techniques into routine investigations
depends on subsequent validations that will reveal their advantages or
disadvantages.

5. Conclusion

Molecular analysis of hematopoietic chimerism at a defined period after allo-
HSCT represents a valuable non-specific marker of posttransplant course for all
diagnoses. For some diagnoses this is the only available marker for monitoring. The
aim of cell chimerism analysis is to provide a conclusive base for informed, clinical
decision-making. The establishment of an adequate monitoring schedule, as well as
the selection of appropriate markers and interpretation criteria, will improve the
clinical value of this analysis. The use of sensitive methods, like RQ-PCR for the
monitoring of cell chimerism, is important for the early detection of relapse and
allows the early initiation of medical treatment.
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Monitoring of Chimerism in 
Rare Haematological Malignant 
Diseases after Allogeneic 
Haematopoietic Stem Cell 
Transplantation
Eva Hanusovska and Sabina Sufliarska

Abstract

Allogeneic haematopoietic stem cell transplantation (allo-hSCT) is one of the 
most important therapeutic options for patients with both malignant and non-
malignant life-threatening rare disorders. Assessment of chimerism following 
allo-hSCT has been established as an indispensable tool for the clinical manage-
ment of transplant recipients. The number of allo-hSCT among CML patients 
is decreasing due to tyrosine-kinase-inhibitor treatment. However, allo-hSCT 
in adult and paediatric patients with AML, ALL, and different non-malignant 
diseases is still increasing. For sex-independent patient chimerism monitoring, 
PCR-based short tandem repeat (PCR-STR) DNA markers with subsequent frag-
ment analysis (‘FA’) and SYBR Green-based real-time PCR (SNPs or NPs markers 
of DNA) (‘RQ PCR’) were used. Specific features of chimerism assessment in 
non-malignant (n = 74) and malignant (n = 169) diseases were monitored by ‘FA’. 
Complete and mixed chimerism was monitored also by SYBR Green-based real-
time PCR method (‘RQ PCR’) (n = 188). By comparing the results of two chime-
rism monitoring methods (‘FA’ and ‘RQ PCR’) (n = 65), the higher sensitivity for 
the detection of the autologous DNA markers was observed by ‘RQ PCR’ (<1%) 
than ‘FA’ (1–5%). The lower detection limit of mixed chimerism could reveal an 
eventual relapse earlier. But the quantification of donor’s DNA markers is more 
precise estimated by the FA.

Keywords: allo-hSCT, chimerism monitoring, diallelic indel polymorphisms,  
PCR-STR, rare diseases

1. Introduction

Bone marrow transplantation is widely used for many different kinds of hae-
matological malignancies such as leukaemias/lymphomas and immunodeficiency 
which are rare diseases. Over the past decades, allogeneic haematopoietic stem 
cell transplantation (allo-hSCT) has gained increasing importance as a treatment 



Rare Diseases

202

option for patients with both malignant and non-malignant life-threatening 
disorders in adult as well as paediatric patients. High risk leukaemias that are indi-
cated for allo-hSCT are acute myeloid leukaemia (AML) [1], acute lymphoblastic 
leukaemia (ALL) and chronic myeloid leukaemia (CML) resistant to tyrosine-
kinase inhibitor targeted treatment [2]. Also, myelodysplastic syndrome (MDS) 
and many other non-malignant disorders (bone marrow failure syndromes, 
haemoglobinopathies, immunodeficiencies and osteopetrosis) can profit from 
allo-hSCT [3].

Considerable progress has been made in the analysis of haematopoietic chi-
merism afterwards, and the molecular monitoring of the genotypic origin of 
engrafted cells has become a routine diagnostic tool to document engraftment 
and to detect graft rejection or impending relapse, at most centres performing 
allogeneic hSCT [4]. The term ‘chimerism’ was introduced in the field of medi-
cine by Anderson et al. [5] to describe organisms whose cells derive from two or 
more zygote lineages. Close surveillance of chimerism within total peripheral 
blood leukocytes after an allogeneic hSCT seems an indispensable tool for the 
clinical management of transplant recipients [6]. In order to identify donor cells 
and even small amounts of residual host cells, many genetic methods have been 
established for this purpose. Cytogenetics and fluorescence in situ hybridization 
(FISH) analysis are the older ones and are applicable only in sex-mismatched 
transplantations where the proportion of X and Y chromosomes are detected [7]. 
The variability between individuals can be found both on the phenotype and on the 
genotype levels, especially in non-coding areas of the DNA. The later can be used 
not only in the population genetics, evolutionary studies and forensic and paternity 
proofs but also in the medicine as appropriate DNA informative markers to identify 
the donor and the recipient (host; patient) on the molecular level and monitor 
chimerism after allo-hSCT. For sex-independent patient chimerism monitoring, 
the PCR-based analyses of highly polymorphic short tandem repeats (STR; PCR-
STR) DNA markers with subsequent fragment analysis (‘FA’) on Genetic Analyser 
are frequently used [8, 9]. Single-nucleotide polymorphism (SNP) or nucleotide 
polymorphisms (NPs) assessment by relative quantification SYBR Green-based 
real-time PCR, (‘RQ PCR’) Real-time PCR and semi-nested real-time PCR are used 
less [10–12], but due to increased interest in diallelic insertion/deletion polymor-
phisms ‘DIPs’ [13, 14], many new commercially kits for chimerism monitoring are 
available. In spite of the different analytical approaches to detect post-transplant 
chimerism, it seems to be useful to explain some common features. The term 
‘complete chimerism’ (CC) expresses the status, where only the donor genotype is 
detected in the patient blood sample after allo-hSCT by the certain method. The 
term ‘mixed chimerism’ (MC) expresses the status, where both donor and recipi-
ent (host) genotypes are detected in the patient blood sample after allo-hSCT by 
the certain method. However, the post-transplant chimerism is a dynamic process. 
Several days, weeks, or months after allo-hSCT, the mixed chimerism is usually 
slowly changed to complete donor chimerism named ‘decreasing mixed chimerism’. 
Vice versa in the case of a relapse when autologous haematopoiesis is appeared 
often the complete chimerism becomes to the status of mixed chimerism named 
‘increasing chimerism’. The coexistence of donor and recipient haematopoiesis for 
months or a longer period (especially in non-malignant disorders) is named ‘stable 
mixed chimerism’ [3].

In following chapters, we would like to describe not only two different DNA 
molecular methods (‘FA’ and ‘RQ PCR’), which have been used in chimerism 
monitoring after allo-hSCT in our laboratories, but also its comparison from our 
results.



203

Monitoring of Chimerism in Rare Haematological Malignant Diseases after Allogeneic…
DOI: http://dx.doi.org/10.5772/intechopen.89845

2. PCR-STR DNA markers in chimerism monitoring by ‘FA’

2.1 Introduction

Quantitative monitoring of chimerism after allo-hSCT based on PCR 
amplification of microsatellite STR markers has become an important compo-
nent of post-transplant surveillance of patients. Each STR marker is a system 
of many alleles, all sharing the basic structure of a repeat (2–8 bp in length), 
(4–5 bp in our study) but differing in the number of tandem repeats of this 
sequence. They can be applied for follow-up of virtually all patients and only 
small amounts of DNA are required for the test to estimate to donor/recipi-
ent chimerism after allo-hSCT [15–17]. Quantitative chimerism monitoring 
can document engraftment, predict graft failure or rejection, identify those 
patients who are at the highest risk to develop relapse and clarify the origin of 
the cells after relapse [18–23].

2.2 Methods

The PCR-based STR (PCR-STR) DNA markers were amplified using fluores-
cently labelled allele-specific primers, and different amplicons were separated by 
capillary electrophoresis on Genetic analyser. The direct quantification of donor 
and recipient PCR-STR DNA markers was provided by fragment analysis (FA) of 
GeneMapper software (Applied Biosystems) [20, 24–28].

2.3 Sample collection

Whole peripheral blood samples were collected for DNA extraction from both 
the donor and recipient before transplantation in order to determine an informative 
STR marker. The samples were collected at weekly or monthly intervals during the 
first 100 days, and monthly or every 2–3 months thereafter during the first year 
according to the transplantation centre. During the second year, the frequency 
was reduced to twice a year, only if the clinical situation warranted, more frequent 
chimerism analyses were performed.

2.4 DNA extraction

Genomic DNA was extracted from 200 μl of fresh or frozen peripheral blood 
using a column-based DNA isolation technique (Qiagene DNA Blood mini kit, 
QIAGEN, Hilden, Germany) according to the manufacturer’s instructions. DNA 
quantification was performed using standard UV absorption at 260 nm, and DNA 
samples were stored until use at −80°C. To obtain an informative STR system for 
chimerism analysis, we performed a donor/recipient genotyping using a commer-
cially available STR multiplex amplification kit PowerPlex 16 (Promega, Madison, 
WI, USA) that contains tetranucleotide STR markers, e.g. D18S51, D21S11, TH01 
and D3S1358, as well as pentanucleotide STRs Penta E and Penta D and the primers 
specific for the Amelogenin locus [27, 28].

2.5 PCR amplification

About 10–50 ng of genomic DNA and BioThermStar DNA polymerase 
(GeneCraft, Lüdinghausen, Germany) instead of AmpliTaq Gold DNA polymerase 
(Applied Biosystems, Foster City, CA, USA) in some reactions. The denaturation, 
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annealing and extension cycles were programmed in Techgene thermal cycler 
(Techne Inc., Burlington, NJ, USA) as follows: preincubation 95°C for 10 min, 96°C 
for 1 min, 10 cycles with 96°C/30 s, 60°C/30 s, 70°C/45 s and 14 and 18 cycles with 
96°C/30 s, 60°C/30 s, 70°C/45 s for monoplex and multiplex kits, respectively, and 
final elongation step performed at 60°C for 30 min.

2.6 Fragment analysis

For fragment analysis, a mixture of 1 μl of the PCR product with 8.5 μl deion-
ised formamide and 0.5 μl of the size standard ILS 600 (Promega, Madison, 
WI, USA) was prepared and was subjected to capillary electrophoresis in an ABI 
Prism 3100-Avant Genetic Analyser (Applied Biosystems, Foster City, CA, USA). 
The injection times varied between 4 and 36 s. Fragment length and fluorescence 
intensity were analysed using GeneMapper Software (Applied Biosystems, 
Foster City, CA, USA), and the detection threshold was set for 50 RFU. The 
selection of informative STR loci was based on previously described experiences 
[29, 30], where in such loci donor and recipient alleles should be individually 
distinguishable [15, 18].

2.7 Chimerism in adult malignant disease following hSCT monitored by ‘FA’

2.7.1 Cohort

The cohort consisted of 169 adult and paediatric malignant patients from three 
Slovak bone marrow transplantation centres who underwent allo-hSCT between 
the years 1993 and 2010, and chimerism analysis of polymorphic STR markers was 
performed by ‘FA’. A prospective evaluation of chimerism was performed in 171 
patients transplanted after the year 2003 also by ‘FA’ from fresh or frozen DNA 
samples which were available.

2.7.2 Methods

The method included PCR-based analysis (with fluorescent allele specific 
primers) of short tandem repeats (PCR-STR) markers by fragment analysis (‘FA’) 
following capillary electrophoresis in Genetic analyser.

2.7.3 Results

The chimerism analysis of transplant patients was done for the first time no later 
than 1 month after allo-hSCT and further on 1–4 weekly intervals up to day +200 
after transplantation and then according to the chimerism result and the timing of 
clinical controls. Patients who showed no evidence of autologous (recipient) DNA 
at any time in the post-transplantation follow-up were considered to have complete 
chimerism (CC). Patients with both donor and recipient DNA in any of the samples 
analysed were defined as having mixed chimerism (MC). An example of patient’s 
mixed chimerism is presented in Figure 1. The average quantity of donor alleles 
30.2 and 31.2 is 77%. The average quantity of recipient’s alleles 16 and 25.2 is 23%, 
which means patient’s mixed chimerism is 23% (MC = 23%). Patients who showed 
an increase (5% or more) in the proportion of recipient DNA or who changed from 
CC to any level of MC between two consecutive assessments were referred as having 
increasing MC. Those patients with decreasing recipient DNA content (5% or 
more) or transforming from MC to CC in two successive samples were categorised 
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as having decreasing MC [26, 31]. Patients from our cohort with CC, stable MC, 
and decreasing MC showed a significantly better (p = 0.005) overall survival rate 
(OSR = 0.83) after allo-hSCT (Figure 2), compared to those with increasing MC 
(OSR = 0.25) after allo-hSCT (Figure 3) detected at any time after allo-hSCT.

2.7.4 Conclusion

Our observation shows that chimerism analysis gives clear information about 
engraftment, its failure, or graft rejection but is not a sufficiently sensitive method 
to detect an imminent relapse in acute lymphoblastic leukaemia patients. According 
to the changes in chimerism status after transplantation, early implementation of 
immunotherapeutic measures such as rapid cessation of immunosuppression and 
donor lymphocyte infusion (DLI) with or without cytokine coadministration can 
be delivered as prophylaxis and seems to be highly efficacious in restoring CC and 
decreasing autologous cell contents [18, 27, 32].

Figure 1. 
Mixed chimerism (MC) in a patient after allo-hSCT

Figure 2. 
Kaplan-Meier analysis of overall survival in patients with complete chimerism (CC), decreasing, stable mixed 
chimerism (MC) after allo-hSCT.
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2.8  Specific features of chimerism assessment in non-malignant diseases 
monitored by ‘FA’

2.8.1 Introduction

Allo-hSCT is a well-established treatment not only for high risk leukaemias 
and myelodysplastic syndrome (MDS) but also for several non-malignant dis-
eases, including acquired and inherited bone marrow failure (BMF) syndromes 
like aplastic anaemia (AA) and Fanconi anaemia (FA), immunodeficiencies like 
severe combined immunodeficiency (SCID), Wiskott–Aldrich syndrome (WAS), 
chronic granulomatous disease (CGD), haemoglobinopathies and metabolic 
disorders, mostly transplanted in childhood. The aim of transplantation in these 
diseases is to achieve sustained engraftment of donor stem cells to improve 
haematopoietic function, provide immune competence and increase or normalise 
enzyme deficiency. It can completely transform the lives of children for whom life 
expectancy or quality of life would otherwise be very poor. Although complete 
donor haematopoiesis is a desirable outcome of SCT in malignant disorders, 
complete replacement of recipient’s haematopoietic system is not considered 
necessary to improve the underlying disease state in patients with non-malignant 
disorders [33, 34].

2.8.2 Cohort

The cohort consisted of 74 different adult and paediatric non-malignant 
patients from three Slovak bone marrow transplantation centres who underwent 
allo-hSCT.

2.8.3 Methods

The method included PCR-based analysis (with fluorescent allele specific 
primers) of short tandem repeats (PCR-STR) markers by fragment analysis (‘FA’) 
following capillary electrophoresis in Genetic analyser. Surveillance of chimerism 
was done within total peripheral blood leukocytes or as lineage-specific chimerism 
in selected T cells, B cells and myeloid cells after an allogeneic SCT according to 
Park et al. and Thiede [35, 36].

Figure 3. 
Kaplan-Meier analysis of overall survival in patients with increasing mixed chimerism (MC) after allo-hSCT
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2.8.4 Results

Definition of chimerism, as it is described above considers a patient to have 
CC, when he does not show any evidence or less than 1% of autologous—recipient 
DNA at any time after allo-hSCT. Patients with both donor and recipient DNA 
(that increased 5% or more) in any of the samples analysed were defined as having 
MC. Split chimerism is present if one or more leukocyte lineages are of host and one 
or more leukocyte lineages are of donor origin [4, 36, 37].

As other studies mentioned above, also our results show there is a relationship 
between chimerism status and clinical course as well as outcome of allogeneic SCT 
in non-malignant diseases. From our cohort, 75% (55 patients) reached complete 
chimerism (CC) monitored by ‘FA’ and 25% (19 patients) mixed chimerism on 
different levels. Most of the patients with CC and decreasing or stable MC are alive 
doing well and are in remission, with a median follow-up time of 4.3 years. All 
of the patients with high MC (>40% or increasing MC) experienced transplant 
rejections and almost half of them died. Patients with CC had a higher risk of acute 
graft-versus host disease GVHD compared with MC patients.

2.8.5 Conclusion

Therefore, mixed chimerism (if there are still low levels of recipient cells) may 
be welcomed in these patients, as it reflects a decreased allo-response with less 
acute GVHD. Reduced intensity conditioning (RIC) was more often associated with 
decreasing or low stable MC compared to myeloablative conditioning, but impor-
tantly high MC was not different when using reduced intensity conditioning than 
with myeloablative  conditioning [33, 34].

3. SNP and NP DNA markers in chimerism monitoring by ‘RQ PCR’

3.1 Introduction

Chimerism monitoring allows the characterisation of the haematopoietic stem cell 
origin in the recipient’s blood or bone marrow after allo-hSCT. The DNA identifica-
tion of the person is mainly based on the DNA polymorphisms, which include single-
nucleotide polymorphisms (SNPs) due to nucleotide substitutions and insertion or 
deletion of one or more nucleotides (indels). The late can be multiallelic (STR) and 
diallelic (biallelic). The extensive bibliographical search for human diallelic indels 
and its basic properties were determined and selected for chimerism monitoring 
[13, 38]. The sensitive quantitative real-time PCR analysis using indel polymorphisms 
can be the useful tool to predict relapse in leukaemia patients after allo-hSCT [39].

3.2  Complete and mixed chimerism monitoring by SYBR green-based real-time 
PCR method (‘RQ PCR’)

Tens of biallelic (diallelic) nucleotide polymorphisms specific for the donor and 
the recipient can be detected by the method of allele-specific real-time PCR.

3.2.1 Cohort

The cohort consisted of 188 patients from University Hospital Bratislava, 
Slovak Republic and 188 donors (111 from relatives and 77 from national and world 
registers of the bone marrow).
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3.2.2 Methods

The DNA was isolated (NucleoSpin Blood, Macherey-Nagel) from peripheral 
blood leukocytes (centrifugation 3000 × g/10 min) before allo-hSCT from both 
donor and recipient and 30, 100, 180 and 365 days after allo-hSCT only from 
recipient (patient). Concentration of the DNA was measured on NanoPhotometer, 
Implen and samples were diluted to 10 ng/μl. To get allogenic and autologic 
informative markers for quantification after allo-hSCT, screening of donor and 
recipient DNA samples before allo-hSCT was essential. Three 1 μM allele-specific 
primers (two forward and one reverse or one forward and two reverse) for 11 
biallelic nucleotide polymorphic markers were localised on 1st, 5th, 6th, 9th, 11th, 
17th, 18th, 20th and X chromosome. Also, two pairs of specific primers (forward 
and reverse) for monoallelic DNA marker on Y chromosome (amelogenin) and 
for endogenic control gene GAPDH were used (Figure 4) [40]. The amounts for 
one-well allele-specific PCR reaction on 96-well plate were: 12.5 μl Power SYBR 
Green (PCR Master mix, Power SYBR green; Applied Biosystems), 1.25 μl 1 μM 
forward-primer (A or B) and1.25 μl 1 μM reverse primer (C) or vice versa (Sigma 
Genosys), 5 μl DNA (10 ng/ul), 5 μl DNase, RNase free water to final volume 25 μl. 
Thermal profile of 7300 Real Time PCR System (Applied Biosystems) for allele-
specific PCR: 50°C/2 min, 1×; 95°C/10 min, 1×; (95°C/0.15 min, 60°C/1 min)/50×; 
and dissociation of amplicons with incorporated SYBR green: 94°C/0.15 min; 
60°C/0.30 min; increasing 1°C/min; 95°C/0.15 min. Amplification curves from 
real-time PCR with following dissociation curves revealed type A, or B of marker 
(M) allele (MA or MB). For each donor/recipient pair, there are different infor-
mative markers for relative quantification and chimerism estimation after allo-
hSCT. Relative quantification was calculated and evaluated from amplification 
plots of the individual PCR reactions on 96-well plate by the gene expression Study 
software (7300 System SDS Software, Applied Biosystems). Amplification plot 
of each informative marker before alloTKB was used as the calibrator for relative 
quantification of measured marker and amplification plot of gene GADPH was 
used as endogenous control [40].

3.2.3 Results

In most of screened donor/recipient pairs, we have found 2–3 informative 
autologous and allogeneic markers. An example of donor and recipient (patient) 
screening for informative NPs DNA markers (M1–M12) by SYBR green-based 
real-time PCR amplification and following dissociation curves is presented in 
Figure 5. For this donor/recipient pair, recipient’s marker 3B (M3B) can be con-
sidered as informative autologous marker and can be used for chimerism monitor-
ing after allo-hSCT. Only in three cases, we did not find any of the informative 
autological DNA markers, which are most convenient (detection <1%) for the 
measurement of micro chimerism. After allo-hSCT, informative DNA markers 
found in samples of patient’s peripheral blood of patients were quantified. The 
relative amounts (expressed in %) were evaluated from threshold cycle (cT) 
values of amplification curves and analysed by Study Software, previously used 
for a relative quantification of the gene expression. The results of the DNA marker 
quantification measurements were obtained from (relative quantification) RQ 
and simultaneously from the charts, which had been constructed automatically 
[41] and transformed (Figure 6). In this figure, chimerism monitoring of AML 
patient after allo-hSCT is expressed. All patients were regularly monitored, and 
from the quantification of autologous informative DNA markers, mixed (MC) or 
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complete (CC) chimerism was evaluated. Identification of donor allogenous infor-
mative markers have evaluated only semiquantitatively. Cutoff for CC was 0.01% 
with relative quantification sensitivity RQ = 0.0001. Special time-dependent 
charts for each patient were archived and sent to doctors in appropriate transplan-
tation units.

3.2.4 Conclusion

We have implemented the method of DNA diagnostics for the detection of 
micro chimerism (add to cytogenetics and FISH previously used) after allo-hSCT, 
which is independent from the sex of donor and recipient and reaches sensitivity of 
<1% (0.01%). The method of relative quantification by real-time PCR is currently 
routinely used in our clinical practice and can serve clinician as another factor for 
the patients monitoring after haematopoietic stem cell transplantation and his early 
intervention if necessary.

Figure 5. 
An example of screening DNA markers M1-M12 by SYBR green based real-time amplification and following 
dissociation curves. Recipient’s marker 3B can be used for chimerism monitoring after allo-hSCT.

Figure 4. 
Localisation of DNA markers (M1-M12) (11NPs).
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3.3  Different malignant and non-malignant diagnosis in our study and their 
donors provided by ‘RQ PCR’

3.3.1 Results

In our diagnostic laboratory, we have analysed samples from patients before and 
after allo-hSCT with different malignant and non-malignant diagnoses (Figure 7).

During the last decades, the number of allo-hSCT among CML patients is 
decreasing due to the drug-targeted treatment and transplantation is mostly 
indicated in the case of resistance to targeted tyrosine-kinase-inhibitor treatment. 
In our study, only 9 CML patients were transplanted from the cohort of 188 dif-
ferent malignant and non-malignant diagnosis (patients from University Hospital 
Bratislava, Slovak Republic), which is only 5%. The majority of allo-hSCT were 
provided and chimerism was monitored in AML patients (45%); then, ALL patients 
were 31% and MDS with others non-malignant diagnoses were 19% (11 + 8).

The selection of a donor is a critical element contributing to the success of 
haematopoietic cell transplantation. Possible donors for allo-hSCT can be HLA 
identical, haploidentical or mismatched (sibling, relative or unrelated donor). In 
our study, there were 188 donors (111 from relatives and 77 from Slovak National 
Bone Marrow Donor Registry and world registers of the bone marrow donors) and 
188 recipients (Table 1). About 95% haemopoietic stem cells were obtained from 
peripheral blood by its drug mobilisation. Only 5% stem cells were from the bone 
marrow.

3.3.2 Conclusion

From our results, it is obvious that assessment of sex-independent donor/recipi-
ent method based on SYBR green real-time relative quantification RQ PCR) for 
chimerism monitoring has been very important due to cohort of different gender 
donor/recipient pairs. This molecular method has completed cytogenetics and 
FISH methods used previously for chimerism monitoring. The advantage of ‘RQ 
PCR’ compared to methods mentioned above is not only in its higher diagnostic 
and analytical sensitivity and sex-independent monitoring but also in the fact 

Figure 6. 
Chimerism monitoring of AML patient after allo-hSCT by SYBR green based real-time PCR relative 
quantification method. MC, mixed chimerism; CC, complete chimerism.
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that almost 50% of AML patients has not genetic mutation marker to distinguish 
increasing mix chimerism and no indicator for relapse of primary patient disorder 
before allo-hSCT.

4.  Chimerism evaluation by two different DNA marker sets and 
molecular methods ‘FA’ and ‘RQ PCR’

4.1 Introduction

The aim of our study was to compare patient’s chimerism monitoring by two dif-
ferent DNA marker type sets and molecular methods ‘FA’ and ‘RQ PCR’ measured in 
parallel after allo-hSCT [40, 42]. The subject matter of the first PCR-STR method 
‘FA’ is explained in chapter ‘2—PCR-STR DNA markers in chimerism monitoring 
by “FA”’. Informative STR DNA markers were amplified with special fluorescent 

Figure 7. 
Different malignant and non-malignant diagnosis in process of allo-hSCT

Types of recipient/donor in allo-hSCT

Total number of transplant patients-recipients 188

Total number of donors 188

Related donors for allo-hSCT 111

Female/female 15

Male/male 42

Sex-mixed 54

Unrelated donors (MUD) for allo-hSCT 77

Female/female 9

Male/male 33

Sex-mixed 35

Table 1. 
Types of recipient(patient)/donor variants in the process of allo-hSCT.
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labelled primers by PCR. Amplicons were separated by the capillary electrophoresis 
on genetic analyser and then evaluated by fragment analyses GeneMapper software. 
The basis of the second method ‘RQ PCR’ (SYBR green-based relative quantifica-
tion by real-time PCR) to be compared is discussed in the chapter “3—SNP and NPs 
DNA markers in chimerism monitoring by RQ PCR”. Informative SNP and biallelic 
NP (including DIPs—IN/DEL polymorphic markers) DNA markers were obtained 
from donor’s and recipient’s DNA before transplantation by SYBR green-based 
real-time PCR amplification following dissociation curves analysing screening. Post 
allo-hSCT chimerism monitoring is provided by relative quantification (RQ-PCR) 
of SYBR green-based real-time PCR of SNP or NPs informative DNA markers and 
evaluated by gene expression software. The relative quantity of the donor’s and 
recipient’s DNA markers is proportional to total leukocytes and can be expressed as 
mixed (MC) or complete chimerism (CC) in post-transplant patients.

4.2 Cohort

The cohort consisted of 65 AML, ALL and CML patients from Department of 
Haematology and Transfusion, Comenius University Medical School Bratislava and 
65 donors from national and international bone marrow registers according their 
HLA compatibility to the individual patient.

4.3 Methods

Whole peripheral blood samples were collected for DNA extraction from both 
the donor and recipient before transplantation in order to determine an informa-
tive marker for two molecular methods mentioned previously. The blood samples 
of leukaemia patients (AML, ALL and CML) after allo-hSCT (N = 65 pairs) were 
collected at regular time periods (before allo-hSCT and 30 days, 100 days, 6-month, 
1 year, 2 years and 3 years after allo-hSCT) at the Department of Haematology and 
Transfusion, Comenius University Medical School Bratislava. Isolation of the DNA 
and chimerism testing was provided in two diagnostic laboratories: Laboratory 
Diagnostics Medirex, Bratislava and Bone Marrow Transplantation Unit, Bratislava, 
Slovak republic, EU. RQ-PCR was performed by the real-time PCR system using 
SYBR green and 12 pairs of specific primers for two allelic variants of DNA poly-
morphism and GAPDH as endogenous gene control. The cT (threshold cycle) 
values of informative patient’s DNA markers before allo-hSCT were used as calibra-
tor for the relative quantification. The PCR reaction mixtures and DNA were placed 
on 96-well reaction plates in duplicates separately, not as multiplex amplification 
set. Relative quantification was evaluated by gene expression software study [40]. 
The PCR-STR analysis was performed using commercially available STR multiplex 
amplification kits with fluorescently labelled PCR primers. The quantification of 
donor and recipient DNA marker’s signal was provided by comparing the fluores-
cence intensity given by the peak area of analysed fragments [20].

4.4 Results

We screened 65 related and unrelated donor/recipient pairs by both molecu-
lar methods, and we found at least one informative marker for each laboratory 
approach mentioned above. The parallel quantifications of DNA (two different 
informative DNA marker sets used) were provided by both methods, and the 
estimated chimerism was compared at the same time period after the allogeneic 
haematopoietic stem cell transplantation. We found that our results were identical 
only in 2% and the discrepancy was noticed also in 2% between the two methods 



213

Monitoring of Chimerism in Rare Haematological Malignant Diseases after Allogeneic…
DOI: http://dx.doi.org/10.5772/intechopen.89845

used. In the case of 1–50% mixed chimerism (MC), similar results were obtained. 
However, complete chimerism (CC) estimated by the fragment analysis was evalu-
ated as mixed chimerism (MC) by the real-time PCR in 94% patients, mainly in 
the first half of a year of the post-transplantation monitoring. The example of the 
parallel monitoring of one patient is shown in Figure 8. From this presented results 
of patient chimerism monitoring, we can see that 30 days after allo-hSCT mixed 
chimerism was detected by both methods used (FA-MC and RQ PCR-MC). Also 1, 
2 and 3 years after allo-hSCT, both methods showed identical complete chimerism 
results (FA-CC and RQ PCR-CC). But the discrepancy was revealed 100 days after 
allo-hSCT where complete chimerism was detected by the method FA (FA-CC), but 
simultaneously mixed chimerism was detected by RQ PCR method (RQ PCR-MC) 
in the same patient sample.

4.5 Conclusion

The parallel chimerism monitoring of post allo-hSCT leukaemia patients was 
provided for 3 years. Discrepancy between complete chimerism (CC) detected by 
the fragment analysis (FA) of PCR-STR DNA markers and mixed chimerism (MC) 
detected by the real-time PCR of SNP and NP DNA markers was due to the different 
sensitivity of two methods used. It is also important to note that in different molec-
ular diagnostic approaches also, two different DNA marker sets were used. RQ PCR 
had the higher sensitivity (<1%) for the detection of the autologous DNA markers 
than FA (1–5%), so it is better for earlier revealing of eventual relapse. On the other 
hand, the quantification of donor’s DNA markers is more precise estimated by the 
FA. Both methods compared above are suitable for chimerism assessment after 

Figure 8. 
Parallel monitoring of chimerism of one leukaemia patient after haematopoietic allogeneic stem cell 
transplantation (allo-hSCT) by two DNA molecular methods in different time periods. FA, analysis of PCR-
STR DNA markers by fragment analysis following capillary electrophoresis on Genetic analyser; RQ-PCR, 
analysis of SNP and NPs DNA markers by relative quantification of SYBR green-based Real-time PCR; 
CC, complete chimerism (only donor’s DNA markers detected in patient); MC, mixed chimerism (recipient’s 
-autologous and donor’s DNA markers detected in patient). 100 days after allo-SCT complete chimerism was 
detected by the method FA (FA-CC), but simultaneously mixed chimerism was detected by RQ PCR method 
(RQ PCR-MC) due to its different sensitivity.
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the allogeneic haematopoietic stem cell transplantation, although nowadays many 
new kits with different DNA marker sets (STR, SNP, NPs and DIPs) for chimerism 
monitoring are available.

5. Conclusions

A number of studies have shown that chimerism evaluation based on PCR 
amplification of polymorphic microsatellite STR markers is a readily applicable 
technique, informative almost for all patients, but less sensitive then real-time PCR 
of SNP and NPs DNA method. It is important to notice that complete, mixed chime-
rism, decreasing chimerism, and increasing chimerism are only the relative terms, 
because different laboratories have their own criteria to differentiate between 
complete donor chimerism and mixed decreasing chimerism, based on the method 
that is used, its sensitivity and local policies [43–45]. However, both provide a 
powerful tool in post-transplant decision making. They can document engraftment, 
predict graft failure or rejection, identify those patients who are at the highest 
risk to develop relapse and clarify the origin of the cells after relapse. According 
to the changes in chimerism status after transplantation, early implementation of 
immunotherapeutic measures such as rapid cessation of immunosuppression and 
donor lymphocyte infusion (DLI) with or without cytokine coadministration can 
be delivered as prophylaxis and seems to be highly efficacious in restoring CC and 
decreasing autologous cell contents.

We appreciate the huge Human Genomic Project, because we can use its results 
also in our small labs and participate on the patient quality of life improvement by 
chimerism monitoring after allogeneic haematopoietic stem cell transplantation.
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International Data Sharing and 
Rare Disease: The Importance of 
Ethics and Patient Involvement
Adrian Thorogood

Abstract

Improving our understanding of rare disease and developing new therapies 
can only succeed through global collaboration. Whole genome sequencing is 
increasingly being deployed to diagnose rare disease, and can be combined with 
machine-learning tools that analyze patient photos to identify phenotypes. Clinical 
interpretation of genomes and phenotypic data in rare disease depends on shar-
ing individual patient data internationally. Data sharing is essential in rare disease 
contexts, to support the diagnosis of patients, recruitment into trials, the develop-
ment of precision diagnostics and therapies, and clinical trial transparency. The 
sharing of rich molecular and phenotypic data presents privacy risks for rare disease 
patients, though many want to see their data made available to improve their care 
and advance research. Informed consent, access governance, and access technolo-
gies are important to realize the benefits of data sharing while mitigating risks. 
Rare disease patients should be involved in the design of data sharing governance to 
ensure it responds to their particular needs and preferences.

Keywords: rare disease, data sharing, law, ethics, consent, privacy, patient 
involvement

1. Introduction

There is great interest in adopting data-intensive approaches as part of both care 
pathways and research in rare disease contexts. Indeed, many rare diseases “have no 
treatments, are incurable, and have a devastating impact on patients and their fami-
lies” [1]. One of the first areas where whole-genome sequencing is already dem-
onstrating clinical utility is in helping to provide a genetic diagnosis of individuals 
with rare disease [2]. Whole-genome sequencing can be a powerful tool to resolve 
diagnoses for patients with rare disease. Receiving a timely and accurate diagnosis 
can have a number of direct benefits for patients, “enabling a better understanding 
of their prognosis, more personalized treatment and tailored management and sur-
veillance” [3]. An ethics report from Canada’s health technology assessment body, 
CADTH, recently concluded that genome sequencing could be effective for patients 
with unexplained developmental disabilities and multiple congenital abnormalities, 
if responsibly administered [4].

Data-intensive medicine is powered by data sharing. Data sharing practice and 
policy has long been a hallmark of genomic research. Many health research funders 
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and journals now require researchers to deposit sequence data in repositories or 
otherwise make data available to the broader research community. “Data sharing 
enables researchers to rigorously test the validity of research findings, strengthen 
analyses through combined datasets, reuse hard-to-generate data, and explore new 
frontiers of discovery” [5]. Data sharing in health care contexts is also growing in 
importance. The American College of Medical Genetics and Genomics (ACMG), for 
example, “advocates for extensive sharing of laboratory and clinical data from indi-
viduals who have undergone genomic testing” [6]. Data sharing is expected to have 
a range of benefits, including improving the diagnoses of other patients, informing 
the development of diagnostic approaches and tools, and powering research. Some 
have even argued that sharing minimal information about variant interpretations 
should be the standard of care in genetics [7].

Data sharing is of particular importance in rare disease contexts. Making a diag-
nosis is often dependent on many forms of data sharing. Databases of population 
genetic variation are needed as a reference to help filter out benign variants from 
test results. Comparison of family trios can help filter candidate disease-causing 
variants even further. Making a genetic diagnosis available through publications or 
public genetic variant databases can offer confirmation and can inform and accel-
erate the diagnosis of future patients. Data-intensive approaches are not limited 
to genomic data. Facial recognition technologies such as Face2Gene can inform 
diagnosis based on images of facial morphology [8]. Because the meaning of all this 
data is not fully understood, data-intensive medicine for rare disease depends on 
adoption of a learning health system approach. In learning health systems, rich data 
are generated as part of routine clinical care and are subsequently made available 
for quality improvement and research. Data sharing between rare disease clinicians, 
laboratories and scientists can help to refine interpretive techniques and analysis 
pipelines. Images and videos of facial morphology can be used to train machine-
learning algorithms and improve diagnostic tools [9].

The impetus to make genomic and health-related data collected as part of rou-
tine clinical care available for research is stronger in the rare disease context, where 
there are numerous barriers and limited incentives. These data could also serve as 
a rich resource for natural history studies to better understand the progression of 
rare diseases, for biomarker discovery, as registries to recruit patients into precision 
clinical trials, and as a resource for ongoing surveillance of the clinical and cost 
effectiveness of rare disease therapies.

Biobanking and biobank networks are essential infrastructure for genomic 
research, which require collection and analysis of biospecimens [10]. Biobanks are 
organized collections of samples and associated data. Samples have to be collected, 
stored, and shared following scientific and technical standards in order to be 
comparable. Biobanks must meet standards of quality and size to be scientifically 
valuable. Biobank networks are established to enable aggregation of samples and 
data from geographically disperse patients. This is essential in the rare disease 
context. Fostering standardization is a complicated challenge for biobank networks. 
In the era of Big Data, the value of biobanks increasingly lies in their datafication. 
Datafication includes: (1) the collection of rich associated demographic, health 
and clinical information about patients, and (2) the analysis of samples to generate 
molecular, imaging or other forms of biological data. Of course, the quality and 
compatibility of data collected or generated is also essential to aggregation of data 
across biobank networks. In order to attract researchers and additional resources 
to understudied areas like rare disease, biobank networks and datafication are key. 
This article will focus primarily on data sharing, but the reader should keep in mind 
that the generation of data from biological samples is an essential step, one that is 
organizationally and scientifically non-trivial.
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Little will be achieved for rare disease patients without collaboration and inter-
national data sharing. No single institution, laboratory, or even country is likely to 
encounter a sufficient number and diversity of patients with a given rare disease to be 
able to advance research alone. In the next section, I review some major data-driven 
initiatives to improve rare disease care and research. These learning health system 
approaches, powered by international data sharing, are essential to deliver data-
intensive medicine for rare disease. International data sharing does raise concerns 
about the privacy of patients with rare disease. I discuss issues of privacy and consent 
in data-intensive rare disease medicine and research. However, it is important to 
note that many rare disease patients want to make their data available to improve 
their care and to support research. It is therefore important that patients are involved 
in the development and implementation of data sharing governance to ensure the 
benefits of data sharing are achieved while managing risks to patient privacy.

2. Rare disease data sharing initiatives

This section discusses the importance of data sharing for rare disease, across the 
research lifecycle, from diagnosis and basic research, to clinical trial transparency, 
to health technology assessment.

2.1 Diagnosis and drug discovery

A number of national and international initiatives have emerged to demonstrate 
the potential of data to improve rare disease patient care and to accelerate research. 
All of these initiatives seek to adopt data-intensive approaches to accelerate rare 
disease diagnosis. They adopt learning health system strategies, which involve col-
lecting rich data as part of routine clinical care and making these data available for 
research to improve diagnostics and therapies. Finally, the initiatives all recognize 
the importance of international data sharing in the rare disease context.

The Genomics England 100,000 Genomes Project has “committed to sequenc-
ing 100,000 whole human genomes, from 70,000 patients, by the end of 2018” 
[11], with a focus on rare and infectious diseases [12]. This project will facilitate the 
introduction of genomic medicine in NHS care while contributing to the personal-
ization of its medicine [11]. Clinicians are hoping to achieve earlier diagnoses and 
develop more effective treatments with this data [13]. Researchers also hope to gain 
a better understanding of cancer.

Genome Canada has proposed a national, clinical genomics project, which aims 
to advance precision medicine for all Canadians, with an initial pilot focused on rare 
disease [14]. The proposal is to introduce genomic testing as part of clinical care. 
The data will then be made available as a research platform. The vision is to establish 
a national cohort, perhaps through a federation of provincial datasets.

The European Joint Program on Rare Diseases (EJP RD) brings 130 institutions 
together across 27 EU Member States as well as Canada, Armenia, Georgia, Israel, 
Norway, Serbia, Switzerland and Turkey, to accomplish its two main goals: [15].

1. “To improve the integration, the efficacy, the production and the social 
 impact of research on [rare disease] through the development, demonstration 
and promotion of Europe/world-wide sharing of research and clinical data, 
materials, processes, knowledge and know-how

2. To implement and further develop an efficient model of financial support for 
all types of research on [rare disease] (fundamental, clinical,  epidemiological, 
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social, economic, health service) coupled with accelerated exploitation of 
research results for benefit of patients” [15].

To achieve its objectives, the EJP-RD has developed a five pillars structure 
subdivided in various themes and activities such as Joint Transnational Calls for col-
laborative research projects; a common virtual platform for discoverable data and 
resources for rare disease research; capacity building and training of patients and 
researchers in rare disease research and processes, all to accelerate the validation, 
use and development of innovative methodologies tailored for clinical trials in rare 
diseases [15].

Through the Breaking Barriers to Health Data Project, the World Economic 
Forum is “partnering with genomics institutes in the United Kingdom, the United 
States, Canada and Australia” [16] to pilot a governance framework “to support 
the effective and responsible use of federated data systems to advance rare disease 
diagnostic and treatment-related research” [16]. Federated data systems enable 
researchers to query a distributed network of secure databases. The individual-
patient data remains hidden in each of the secure nodes. This pilot project aims to 
demonstrate a proof-of-concept for federated data systems, accompanied with an 
economic analysis and a scalable governance framework [16].

An example of a commercial initiative to overcome the geographic barriers to 
rare disease research is the start-up RDMD [17]. This company aims to generate a 
rich, regulatory-grade biobank, database, and registry of patients with rare disease 
from across the United States (US) and internationally. The start-up leverages the 
rights of patients in the US and in other countries to request access to their health 
records and biospecimens for onward transfer to RDMD. RDMD then looks to enter 
into partnerships with pharmaceutical companies to accelerate their research into 
rare disease therapies. Patients are provided with access to their aggregated and 
structured medical record through an app.

2.2 Clinical trial transparency

Improving the transparency of clinical trials has been an important public 
health priority for regulators and policy-makers in recent years. Clinical trial 
transparency encompasses the registration of clinical trials before recruitment, the 
timely dissemination of results—whether positive or negative, and the sharing of 
individual patient data supporting those results [18]. Sharing of individual patient 
data enables reproducibility studies to confirm the validity of results, and facilitates 
meta-analyses. Transparency can also accelerate research and reduce duplicative 
trials that waste resources and expose participants to unnecessary risks. Regulators 
increasingly publish the clinical data submitted by pharmaceutical companies 
seeking market approval [19]. Some sponsors also proactively make individual 
patient data available. There are now several data sharing platforms that facilitate 
clinical trial data sharing, including Yale Open Data Access project (YODA) [20], 
ClinicalStudyDataRequest [21], and Vivli [22].

Ensuring that the results of clinical trials as well as the underlying data are 
made available is perhaps more important for rare disease clinical trials. Regulators 
sometimes allow more flexibility and accept greater clinical uncertainty to acceler-
ate approvals of drugs for rare diseases with high unmet need. This is because of 
the “unique challenges that hinder efficient and effective traditional clinical trials, 
including low patient numbers, limited understanding of disease pathology and 
progression, variability in disease presentation, and a lack of established endpoints” 
[1]. Where there is greater uncertainty over the meaning of research data, there is 
a greater need for transparency to support regulators, prescribing physicians, and 
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patients. Sharing individual patient data does raise concerns about patient privacy, 
discussed below. The tension between transparency and privacy, however, tends 
to be overstated, as benefits can be promoted and risks can be reduced through 
governance mechanisms. Moreover, rare disease patients are generally supportive 
of greater transparency, as long as their privacy is protected, appropriate steps are 
taken to seek their consent, and patient groups are involved in the design of data 
sharing governance.

2.3 Access to medicines

Even where approved medicines are available for rare disease, an additional 
hurdle is convincing health technology assessment bodies that these medicines—
which are often very expensive per patient—are cost-effective [23]. There is often 
significant uncertainty over the clinical and economic value offered by rare disease 
therapies, in part because of the limits to generating clinical evidence in small 
patient populations. One potential solution to accelerate patient access is through 
managed access programs. Where countries offer these programs, drugs may be 
given early approval despite some uncertainty over value, under the condition 
of ongoing collection of data to fill in evidentiary gaps. Real world evidence is 
collected through post-market surveillance to confirm the drug delivers value. 
Post-market surveillance, however, is challenging and requires effective data 
sharing strategies and infrastructure. Moreover, it is important to involve patients 
in decisions to approve drugs where there is greater uncertainty over benefits and 
risks. Patient can also be engaged in establishing the conditions under which a drug 
would meet or fail to meet the conditions of a managed access agreement. Indeed, 
patients are increasingly involved in health technology assessment to ensure that the 
drugs are delivering the clinical, economic, and personal value that matters to them 
[24]. Given the diverse burdens of disease on rare disease patients and their caregiv-
ers, they have important perspectives on the true value that can be delivered by new 
therapies.

3. Privacy

Data-intensive medicine, and the research, biobanking, and data sharing that 
necessarily accompany it, all raise privacy concerns for patients. In the Big Data 
era, increasingly rich data are being generated as part of clinical care and research 
protocols. Traditionally, privacy in research was primarily protected by removing or 
separating identifiers from research data. Rich, multi-dimensional health data can 
no longer be definitively de-identified. Genomic data for example is rich, unique to 
the individual, stable over time, and shared across families. It also contains poten-
tially sensitive information about the health predispositions of individuals and 
their families. Genomic data therefore raise particular concerns about the limits of 
de-identification [25]. But the problem is broader than just genomic data. A recent 
study also showed that 99.98% of American can be reidentified from a database 
with less than 15 demographic attributes [26]. Re-identification is increasingly seen 
as an inherent risk in research. This risk increases as the dimensionality of data 
increases, as more publicly available data becomes available, and as new statistical 
re-identification tools emerge. If patients are re-identified, sensitive informa-
tion about their health may be disclosed to unauthorized third parties, including 
employers, insurers, and family members, and may be used to discriminate against 
or stigmatize the individual or their family. Sharing patient data with clinicians and 
researchers around the world may heighten concerns over privacy. Where data are 
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copied and distributed to many different parties, there is a greater potential for a 
breach of confidentiality or security, and lower confidence that the breach will be 
identified and rectified.

Rare disease patients may face a greater risk of re-identification or subsequent 
harm. Rare disease patients may be easier to single-out in a dataset, given their 
unique genotypes and phenotypes, and the small number of participants in a 
study. Rich data is often collected or generated about rare disease patients, such as 
whole genome sequences and pictures and videos of their phenotypes. In order to 
match similar patients to inform a diagnosis, or to conduct a study with an accept-
able sample size, information about rare disease patients must often necessarily 
be shared beyond institutions and national borders. Moreover, in part because of 
institutional and geographical barriers to care and participation in research, many 
rare disease patients share rich health information about themselves online with 
patient support groups or researchers. In fact, there are numerous academic and 
commercial research efforts that enable remote participation of rare disease patients 
to overcome geographic barriers [27]. The public availability of patient information 
could potentially increase the risk of re-identification in research datasets.

At the same time, many patients with rare disease see the important clinical and 
scientific value of data sharing and are willing to participate if research involves 
appropriate consent processes, safeguards, and patient involvement. A number of 
solutions have evolved to reduce the tension between privacy and openness. The 
first solution is to develop more transparent consents about how data are shared. 
This is recommended by the Global Alliance for Genomics and Health (GA4GH) 
Consent Policy [28]. Consent is discussed in greater detail in the next section. The 
second solution is through safeguards and governance, including robust de-identifi-
cation, security protections, and access controls. Responsible data governance aims 
to maximize uses of data that benefit science and society, minimize risks to data 
subjects, and strike a proportionate balance where these interests come into con-
flict [29]. Risks of data breaches or misuse when sharing data can be significantly 
reduced through governance mechanisms including due diligence review of access 
requests by an expert committee, data access agreements that protect participant 
privacy, and ongoing monitoring of data use. Sharing data within secure cloud 
environments can enhance security and accountability by limiting the distribution 
of copies of datasets. Federated network technologies now allow researchers to sub-
mit search queries or run research analyses across multiple secure patient databases, 
without ever having to access the patient results. The World Economic Forum is 
exploring such an approach specifically for international rare disease research (see 
above). A third solution, also discussed below, is greater patient involvement in the 
design or research and data sharing governance, to ensure their input on priorities 
and the balancing of risks and benefits under uncertainty.

There is also a risk of too much privacy protection in the rare disease context. 
Data privacy laws are tightening globally in response to concerns over commercial 
and law enforcement surveillance practices. Europe’s General Data Protection 
Regulation (GDPR) is now in force, and California will soon be introducing its own 
comprehensive consumer data privacy regime [30]. The GDPR imposes stricter, 
more formal procedural and security safeguards for the protection of personal data, 
particularly for special categories of data, for example, health and genetic. It also 
imposes higher consent standards with regards to the purposes of processing, and 
transfers between organizations and across borders. Different national and insti-
tutional interpretations of the GDPR have hampered international health research 
collaborations [31]. Formal legal safeguards and strict transparency requirements 
leave organizations with less flexibility to share samples and data about rare disease 
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patients, especially internationally, even where researchers seek explicit patient 
consent and/or patient involvement in data sharing governance.

4. Consent

This section considers three issues concerning consent in data-intensive medi-
cine for rare disease. The first concern is that it is impossible to fully specify all the 
potential users and uses of patient data at the time of collection. A common solution 
when seeking consent to research and sharing of samples and data is seeking broad 
consent to future not-fully-specified uses accompanied with ongoing governance. A 
second issue is re-use or sharing of legacy collections of samples and data that have 
significant scientific and societal value but where the original consent is absent or 
is silent about key matters. A third issue is consent in the pediatric context, which 
raises special concerns about capacity, protection from harm and exploitation, 
inclusion, and shared decision-making. Arguably, the tension between promoting 
science and respecting individual autonomy is greater in the rare disease context.

4.1 Broad consent

The International Rare Diseases Research Consortium (IRDiRC) in collaboration 
with the GA4GH has shared template consent clauses for rare disease research [32]. 
These clauses emphasize some of the special characteristics of rare disease research, 
such as the collection of photos and videos of patient phenotypes, the participation 
of and feedback of health findings to family members, as well as the imperative 
of international data sharing to support both research as well as to match patients 
to inform diagnoses. This initiative also demonstrates the importance of engaging 
patients in the development of research governance and consents.

Biobanking and data sharing aim to make samples and data available for research 
that cannot be fully specified at the time of recruitment and collection. This present 
risks to patient autonomy: how much information can and should be provided at 
the time of consent? What kinds of meaningful choices can and should be offered to 
patients about who can access their samples and data? As samples and data are typi-
cally stored for long periods of time, can and should patients be able to withdraw 
consent or change their preferences over time? Broad consent—consent to not-
fully-specified research uses coupled with ongoing governance—has been adopted 
in many research contexts internationally, is now expressly permitted under the US 
Common Rule and recognized under the EU GDPR (rec 33) [33].

Especially where samples and data are collected in clinical care contexts, there is 
concern that sharing those samples and data for research may be done coercively, or 
that patients may have limited knowledge or comprehension. Moreover, rare disease 
patients may see data sharing as a necessity for receiving a diagnosis, or to advance 
research on a cure, and thus may feel compelled to forgo their privacy. Where 
consents cover a broad set of purposes, this can be seen as coercively tying purposes 
together, unless patients are given granular choices. But these kinds of arguments 
can result in inefficient sharing and use of data that precludes effective care and 
research, and that contradicts the wishes of many rare disease patients. Broad con-
sent may be especially important in rare disease, given the scarcity of data and the 
risk of losing that data if every subsequent use is subject to re-consent. There is also 
an argument that rare disease data, again considering its scarcity, should be made 
available for a wide range of purposes, including diagnostic matchmaking, research 
to discover new biomarkers, natural history studies to better understand the nature 
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of a rare disease, and the recruitment of individuals into precision medicine clinical 
trials. Generating multiple siloed resources for multiple different purposes is simply 
not feasible.

4.2 Legacy collections

Legacy collections of samples and data are those collected without consent or 
without consent covering core consent elements required to conduct research or 
data sharing. These collections present an ethical dilemma: they often continue to 
have great scientific and societal value if shared and used for research, but the con-
sent to do so is missing or insufficient. This is particularly a problem in biobanking, 
where samples are often collected many years before they are able to be distributed, 
aggregated, or analyzed. As the years pass, scientific and data sharing practices can 
change, and regulatory and ethical frameworks can evolve. As a result, the existing 
consents may become insufficient. One could argue the ethical dilemma is even 
more pressing in rare disease contexts, because of the high unmet need for research 
into novel diagnostics and therapies, as well as the associated practical difficulties 
of recruiting geographically disperse patients and collecting samples.

Solutions have been developed for legacy collections that aim to strike an 
appropriate balance between making them available for research, while also making 
best efforts to communicate with and respect the expectations of patients. When 
seeking to study or share legacy collections, an important starting point is to assess 
the existing consent materials (if applicable) [34]. If core elements of consent 
are met, then the research may be able to proceed. If the consent is silent on the 
desired research or data sharing, then patients should be recontacted to renew their 
consent. If permitted by applicable norms, it may also be sufficient to notify the 
patients and provide them with an opportunity to opt-out. In many cases, however, 
re-consent or re-contact will be impossible if patients can no longer be found. In 
such cases, some jurisdictions allow research ethics committees (RECs) to alter or 
waive consent requirements, as long as certain conditions are met. In Canada for 
example, a consent alteration/waiver is available where research is minimal risk, 
consent is impracticable, the alteration/waiver will not adversely harm individuals, 
there are appropriate safeguards in place, and there has been no clear refusal by the 
individual (art 3.7B (samples); art 5.5A (identifiable information)) [35].

Where consent is silent, an ethics waiver may be more easily justified. Where 
consent makes a specific commitment (e.g., guarantees data will be kept confiden-
tial, or will only be used for a specific research project), it may be harder to justify 
a waiver. Because consent is often take-it-or-leave-it, however, it is not necessarily 
clear if the commitment was determinant to the patient’s decision, or what the 
patient would have preferred. An active refusal by the patient to participate in 
research or data sharing is a more clear-cut case [36]. For example, the patient may 
have been offered the option to participate in research or to share their data and may 
have refused. Indeed, the revised US Common Rule for research on human subjects 
in the US prohibits use of an ethics waiver when a patient has rejected a broad 
consent (§46.116) [37]. Practically, however, given the limits of tracking systems, it 
is unclear how these refusals can be tracked and respected over time.

Typically, ethics waivers are used to approve a specific research project using 
legacy collections, but in some cases, they have also been used to approve the 
deposit of data into international databases for onward sharing. The GA4GH 
recommends ethics waivers under certain conditions for international sharing of 
genomic and health-related data [34].

A final consideration offering some additional flexibility in rare disease contexts 
is patient involvement. Patient groups or representatives may lend moral support 
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to a particular interpretation of an existing consent, or to a particular decision to 
re-use or share legacy collections with an ethics waiver. This can help to alleviate 
uncertainty over what patients would have wanted in cases of uncertainty. If core 
consent elements are legally required, however, such modifications will not be 
possible.

4.3 Consent and capacity: pediatrics

An additional challenge that tends to be overlooked in data sharing discussions is 
that many patients with rare disease are minors, who are generally legally presumed 
to lack the capacity to consent to genetic testing, research participation, or release 
of personal data on their own [38]. Moreover, a number of rare diseases involve 
intellectual disability, which may diminish the decision making capacity of rare 
disease patients. Regulatory frameworks developed in the context of experimental 
research are traditionally protectionist, aiming to ensure vulnerable individuals are 
protected from harm and exploitation. These frameworks place several limitations 
on research involving minors. Where research is allowed, additional safeguards 
must be in place for minors. The guiding legal and ethical principle is the best 
interests of the child, though this principle is somewhat modified in the research 
context. A modified best interests limitation is only allowing research if it offers 
direct benefit to the individual or to individuals with a similar age or condition, 
and that the benefit is favorable vis-a-vis the individual risks, as determined by 
a REC. Where research is permitted, the minor is protected by parental (or legal 
guardian) representation, who must provide informed consent. The parent would 
be provided with detailed information about the research and would be asked to 
consent on behalf of the child.

This protectionist approach has been somewhat modified both by public health 
and human rights concerns. From a public health perspective, the inclusion of 
children in research is imperative to ensuring that the standard of care improves for 
conditions that predominantly affect children. Given the physiological differences 
between children and adults, drugs demonstrated to be safe and effective for adults 
may not be so for children. Human rights instruments and discussions have also 
highlighted the principle of non-discrimination, which argues that some attempts 
to protect children ultimately result in their exclusion from participation in society.

Another important human rights and ethical principle is respect for the devel-
oping autonomy of the child. Mature-minor exceptions address the developing 
capacity of minors to make decisions. These regimes allow exceptions for children 
below the age of majority to make certain their own decisions (e.g., for health care) 
if they demonstrate their capacity to understand information and appreciate the 
consequences of decisions. Regardless of who has ultimate legal capacity to consent, 
children should generally be given appropriate opportunities to be involved in 
decisions concerning them. Many health research ethics guidelines recommend that 
children should be involved in decisions through assent, where the child is provided 
with age appropriate information and asked if they would like to participate, and 
dissent, where a clear objection to participation must also generally be respected 
by researchers. Dissent is more clearly applicable in experimental research, such as 
distress caused by a needle, than in data-intensive research.

Based on the principle of inclusion, as well as practical implications, the GA4GH 
Pediatric Task Team has argued that those who generate pediatric data as part of 
research or clinical care have an obligation to offer minors and their parents an 
opportunity to share their data, so as to benefit the care of children in the future 
[39]. The best interests of the child are ensured in this context through the ben-
efit–risk assessment, ongoing data governance (to maximize scientific and societal 
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benefits while minimizing risk), parental representation and informed consent, 
and the child’s involvement through assent processes.

5. Patient involvement

This section discusses patient involvement (also referred to as patient engage-
ment) in the governance of research, challenges to involving patients effectively 
and responsibly, and how rare disease patients may be involved specifically in the 
governance of biobanking and data sharing.

Respect for communities is an important ethical principle in health research. 
According to Charles Weijer et al. researchers have “an obligation to respect the 
values and interests of the community in research and, wherever possible, to protect 
the community from harm” [40]. This principle is also prominently featured in 
the international health research ethics guidelines of the Council for International 
Organizations of Medical Sciences and World Health Organization: “[r]esearch-
ers, sponsors, health authorities and relevant institutions should engage potential 
participants and communities in a meaningful participatory process that involves 
them in an early and sustained manner in the design, development, implementa-
tion, design of the informed consent process and monitoring of research, and in the 
dissemination of its results” (Guideline 7) [41]. Communities are not only defined 
geographically, but include subpopulations affected by or able to influence research. 
Patients affected by a particular condition are clearly a key stakeholder in related 
research.

The involvement of patients and patient advocacy organizations across the 
research, drug-development, and delivery of care life cycle is increasingly practiced 
and is the subject of numerous national and international research ethics guide-
lines. Patient involvement is when patients “meaningfully and actively collaborate 
in the governance, priority setting, or design and conduct of research” [42]. The 
term patient is understood broadly to include “those having or a risk of having a 
medical condition, their families, and their caregivers” [43]. Patients have intimate, 
lived experience with and understanding of their medical condition, and how 
symptoms affect their everyday lives. These perspectives can inform the priorities, 
goals, and conduct of research and the ultimate value new diagnostic tools and 
therapies can deliver to patients.

The CIOMS/WHO guidelines also reflect the importance of engaging patient 
communities in the governance of research. Patients have valuable perspectives 
on both the potential value of research and the acceptability of associated physical 
and privacy risks. Patients also have perspectives on how consent documentation 
can meaningfully communicate the nature of research, its benefits and risks, 
and the safeguards in place to limit risks. Patient involvement in the governance 
of research can supplement the efforts of RECs to ensure the ethical conduct of 
research. There is a spectrum of patient involvement approaches, from feedback 
through surveys or workshops, to advisory boards, to formal leadership roles 
within research, to patient-led initiatives where patient groups decide when and 
how to engage experts [44].

Patient involvement can involve important costs and potential delays for 
research. There is a risk that involvement initiatives successful in specific research 
and community contexts are extrapolated by policy-makers or oversight bodies into 
generic ethical requirements [45]. Researchers alone cannot be expected to bear the 
financial and administrative burden of patient involvement without appropriate 
support from funding agencies and institutions. Imposing specific forms of involve-
ment as an ethical requirement may also encourage a compliance mentality where 
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researchers want to get it out of the way rather than developing meaningful com-
munity and partnership with patients. Systemic barriers and negative perceptions 
can discourage patients from meaningfully engaging with researchers. Patients are 
already dealing with the burden of living with a disease and potentially also the 
burden of participating in research. It may therefore be difficult for them to visit 
research sites in order to participate in unpaid involvement activities. Patients may 
also have negative perceptions that they will not actually be listened to [42]. Some 
critics have highlighted that patient involvement is usually designed to advance an 
institutional agenda rather than truly give a voice to all patients [45]. Involvement 
activities do not necessarily mean that patients have significant decision-making 
power. Researchers may preferentially seek to engage with patients who have 
considerable experience as research participants, as well as experience with research 
involvement activities, which may reduce opportunities to hear other voices.

The organizational governance of patient advocacy groups is often informal, 
which raises concerns about democratic representation and managing conflicts 
of interest. There can often be major differences of opinion within a patient com-
munity. Some patient advocacy groups receive significant financial support from 
pharmaceutical companies and may not have formal processes in place for declaring 
and managing these conflicts [46]. Patient involvement challenges may be exacer-
bated in rare disease contexts. Patient involvement for rare disease may be difficult 
for the same reasons that doing research on rare disease is difficult. Patients may 
be small in number, geographically dispersed, and may have very heterogeneous 
experiences with the disease. This makes it hard to survey patients about their views 
on research. Many patients with rare disease struggle to even receive an accurate 
diagnosis, which may affect their ability to identify with and organize a specific 
community in the first place.

Patients are also increasingly engaged in the governance of biobanking and data 
sharing. YOURDNAYOURSAY is an interactive, international, online survey explor-
ing public perspectives about the international sharing of genomic and health-
related data. The results of the survey address public fears over potential harms, 
public willingness to release their data, and how trust differs between organizations 
[47, 48]. A European survey specific to rare disease patients found they were sup-
portive of data sharing to improve research and health care, as long as steps were 
taken to provide individual patients with meaningful choices, to protect patient 
privacy, and to provide patients with transparent information about how their data 
are shared and used [49]. Patients can also be engaged in the design of governance 
documents for biobanks and databases, such as access policies, privacy safeguards, 
and consent forms (see previous sections). This involvement can provide assurances 
that governance strikes an appropriate balance between openness and promotion 
of science with protection of participant privacy. In many cases, patients may 
be highly supportive of greater openness in research and their perspectives may 
serve as a counterweight to overly protective stances by oversight bodies like RECs. 
Patients may also participate directly on biobank access committees, influencing 
decisions about which researchers receive samples and data, for which research 
projects.

Patient involvement in the governance of biobanking and data sharing can raise 
tensions between community control and scientific openness. In particular, the 
value of biobanks and data sharing is often dependent on their integration into 
networks allowing integration of multiple resources to increase statistical power. 
This is particularly true for rare disease. There is a recognized need for harmonized 
ethical and legal governance of biobanks and databases to enable such integration. 
One potential solution is for involvement activities to address the importance of 
harmonization with patient groups, to make sure this value is taken into account in 
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the co-development of governance [50]. Another potential solution is to develop 
more concerted public involvement efforts in the development of international 
standards for biobank and data sharing governance.

6. Conclusion

Rare disease research continues to be hampered by lack of academic and com-
mercial incentives and practical barriers to conducting research involving small, 
geographically dispersed populations. This results in limited understanding of rare 
diseases, delayed diagnoses and a lack of therapeutic options for patients. There 
is hope that international biobank networks and data sharing can improve care 
and advance research into rare disease. Research ethics concerns about protecting 
patient privacy, enabling individuals to make informed decisions, and involving 
patients in governance deserve concerted and nuanced attention in these contexts. 
Standard governance approaches may need to be re-calibrated for rare disease 
contexts, given the necessity of openness, high unmet need, and the willingness of 
many rare disease patients to contribute to biobanks and databases, despite minor 
privacy risks. This is not to say that rare patients do not care about privacy or about 
being offered meaningful choices. Involving patients in the governance of biobanks 
and data sharing, while appropriately highlighting the importance of international 
collaboration, can help to ensure these activities ultimately improve the prospects 
of those with rare disease.
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