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Preface

Every individual is born with a set of antigenic substances inherited from their
parents. These special molecules are mainly present on the membrane surface of red
blood cells. These structures can be sugars, proteins, or a special set of enzymes that
can make an individual prone to or protected against various infections and other
diseases.

Besides the ABO blood group, there are more than thirty-seven other systems with
more than 300 blood group antigens present in the human blood. These blood
group structures not only perform a critical role in the function of cells but can also
be used by viruses to gain access to cells.

This book includes nine chapters on different blood group antigens and their
activities behind the scenes.

Chapter 1, “Are ABO Gene Alleles Responsible for Cardiovascular Diseases and
Venous Thromboembolism, and Do They Play a Role in COVID?” by Kaneez Fatima
Shad et al. discusses the association between ABO blood groups and cardiovascular
diseases (CVD). The authors discuss how individuals with non-O blood group type
are at increased risk of coronary heart disease, myocardial infarction, cerebral
ischemic stroke, peripheral arterial disease, and venous thromboembolism (VTE)
including deep vein thrombosis and pulmonary thromboembolism. The most likely
mechanism in all cases is thought to be the increase in von Willebrand Factor (vWF)
and factor VIII levels seen in patients with a non-O blood group. The increased
levels in vWF and factor VIII among individuals with a non-O blood group who
have contracted SARS-CoV-2 infection may result in an additive thrombophilic
effect to that caused by the virus.

Chapter 2, “Human Blood” by Francisca Varpit and Vela Galama discusses the red cell
component of human blood, specifically red cell membranes and the antigens found
on them. This chapter briefly covers the genetic inheritance of common antigens,
the important structural makeup of red cells, antibody response to these antigens,
and their functions in health (physiological) and disease (pathophysiological).
Some of these blood group antigens maintain the structural integrity of red blood
cells and play a role in the cationic exchange between intracellular and extracellular
molecules, without which red cells become disfigured resulting in a reduction in
their survival and increased risk of hematological diseases. These antigens can also
serve as transporters, adhesion molecules, and receptor proteins relaying chemical
messages from cell to cell. However, these mechanisms have been exploited by
infectious agents to gain entry into the human body causing disease.

Chapter 3, “ABO Blood Group and Thromboembolic Diseases” by Yetti Hernaningsih
discusses the division between type O and non-O blood groups due to the presence
of antigens on the cell surface and antibodies in plasma and their relationship in the
onset of thromboembolic diseases in the non-O blood group due to higher levels of
VWEF and FVIII. The author further discusses how arterial thromboembolic events
are often associated with cardiovascular diseases, and deep vein thrombosis (DVT)
and pulmonary embolism (PE) with venous thromboembolism (VTE).



Chapter 4, “Duffy Antigens and Malaria: The African Experience” by Chima
Akunwata describes the Duffy antigen/chemokine receptor (DARC), which is located
on the surface of red blood cells. It is a receptor for pro-inflammatory chemokines
and for the invasion of Plasmodium vivax into the red blood cells. A point mutation
in the promoter region of the Duffy gene disrupts the binding of a transcription
factor leading to a lack of expression of the antigen on the erythrocytes. This Duffy
negative phenotype is found predominantly in the African population. This mutation
is advantageous as individuals with the Fy(a-b-) phenotype are less susceptible to

P. vivax malaria. It is believed that the absence of Duffy antigen in most Africans
contributed to the resistance to P. vivax and by extension reduced the burden of
malaria in these endemic areas.

Chapter 5, “Blood Groups: More than Inheritance of Antigenic Substances -
Susceptibility to Some Diseases” by Williams Bitty Azachi and Kuschak Mathias
Dakop links diseases such as infections, coagulopathy, coronary, malignancy, and
malaria with ABO blood groups. The authors’ findings reveal that the O blood group
has a greater frequency of severe infections such as Escherichia coli and cholera,
whereas blood group A is associated with the incidence of smallpox and some bacte-
rial infections. These observations are principally based on the presence or absence
of “H-like” and “A and B-like” antigen markers. Antigens A, B, and H are connected
to N-glycans of vWF and reduce the half-life of this protein to 10 hours for group O
and 25 hours for non-O groups. This explains the reason for increased levels of vWF
in non-O individuals. This phenomenon raises the possibility of coagulopathy in
non-O groups. Similarly, some tumors have A or A-like antigens, which explains the
tendency of group A individuals to develop tumors. The A-like antigens of tumor
cells are seen as foreign in B and O blood types with resultant immune responses.

Chapter 6, “RH Groups” by Amr J. Halawani describes a hemolytic disease of the
newborn, now known as hemolytic disease of the fetus and newborn (HDFN), due
to the presence of antigens in the RH blood group system. To date, fifty-six antigens
have been recognized within the RH blood group system. The five main antigens are
D, C, ¢, E, and e, and the antibodies to these antigens are implicated in hemolytic
transfusion reactions (HTR) and HDFN.

Chapter 7, “Neutrophil-Specific Antigens: Immunobiology, Genetics, and Roles in
Clinical Disorders” by Parviz Lalezari and Behnaz Bayat is about neutrophil-specific
antigens (i.e., NA and NB), which are responsible for inducing febrile and poten-
tially fatal lung injury and causing graft rejection in bone marrow transplantation.
In clinical studies, it is also demonstrated that NB expression is highly elevated in
polycythemia vera, and in some carcinomas, NB is expressed on the tumor cells.
Neutrophil-specific antigens are examples of structures that beyond antigenicity
have important biological activities and clinical implications.

Chapter 8, “The ABO Blood Group System and Plasmodium falciparum (Pf)
Infection in Three Ethnic Groups Living in the Stable and Seasonal Malaria
Transmission Areas of Burkina Faso (BF)” by Edith Christiane Bougouma et al.
discusses the importance of blood group and its role in the onset of Plasmodium
falciparum (Pf) infection. It also discusses the role of two specific genetic poly-
morphisms (rs8176719 and rs8176746) on such infections. The authors demonstrate
that the Fulani ethnic group is not only less susceptible to Pf malaria infection but
also has lower parasite densities when infected. The authors suggest that the origin,
distribution, and relative proportion of ABO blood groups in humans may have
been directly influenced by selective genetic pressure from P. falciparum infection.
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Chapter 9, “ABO Blood Groups and Glioma” by Ana Azanjac Arsic is a modified
version of the author’s previous publication “ABO blood groups and risk of glioma:
A case-control study from Serbia” published in 2017. The aim of this case-control
study was to investigate the possible association between the incidence of glioma
and certain blood groups. Univariate binary logistic regression analysis revealed
that individuals with group AB were at a 3.5-fold increased risk of developing
glioma compared to individuals with other ABO blood groups. Mechanisms that
explain the relationship between blood groups ABO and cancer risk are unclear.
Several hypotheses have been proposed, including a modulatory role of blood
group ABO antigens and regulation of the level of circulating proinflammatory
and adhesion molecules, which are important for tumorigenesis by the blood group
ABO system. One of the possible explanations for the role of the blood group ABO
in the tumorigenesis process is the recent discovery of vWF, which is an important
modulator of angiogenesis and apoptosis. The results of the study suggest that the
blood group AB may be one of the hereditary factors that have an influence on the
occurrence of glioma.

I would like to thank Author Service Manager Maja Bozicevic at IntechOpen for her
hard work, constant support, and help.

This book is meant for a range of readers with different levels of interest in these
incredible antigens, which are not only defining our blood groups but are also
responsible for protecting us from the infection caused by bacteria and viruses.

Kaneez Fatima Shad

School of Life Sciences,
University of Technology Sydney,
Sydney, Australia
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Chapter1

Are ABO Gene Alleles Responsible

for Cardiovascular Diseases and
Venous Thromboembolism and Do

They Play a Role in COVID?

Dennis J. Cordato, Wissam Soubra, Sameer Saleem
and Kaneez Fatima Shad

Abstract

Cardiovascular diseases (CVD) including coronary heart disease and stroke are
leading causes of death and disability globally. Studies of the association between ABO
blood groups and CVD have consistently demonstrated an increased risk of coronary
heart disease, myocardial infarction, cerebral ischaemic stroke, peripheral arterial
disease and venous thromboembolism (VTE) including deep vein thrombosis and
pulmonary thromboembolism in patients who possess a non-O blood group type. The
most likely mechanism is thought to be the increase in von Willebrand Factor (vWF)
and factor VIII levels seen in patients with a non-O blood group. Other postulated
mechanisms include elevations in circulating inflammatory markers such as endothe-
lial cell and platelet adhesion molecules in subjects with a non-O blood group. More
recently, it has also been recognised that individuals with a non-O blood group type
carry a higher risk of SARS-COV-2 infection and COVID-19 related complications. The
increased levels in vWF and factor VIII amongst individuals with a non-O blood group
who have contracted SARS-CoV-2 infection may result in an additive thrombophilic
effect to that caused by the SARS-CoV-2 virus. Another postulated mechanism is that
individuals with an O-blood group are protected by anti-A and B antibodies which
possibly inhibit the binding of the SARS-CoV-2 spike protein to lung epithelium angio-
tensin converting enzyme-2 receptors. There are over 35 minor blood groups on red
blood cells, some of which such as Kidd, Lewis and Duffy have been associated with
CVD either alone or in combination with a non-O blood group allele(s). However,
their role in SARS-CoV-2 infection and mechanism of action for an association with
CVD remain unknown. This review explores the relationship between ABO and minor
blood groups with CVD and VTE, with a focus on potential mechanisms underlying
this relationship and the potential role of ABO blood group types in COVID.

Keywords: cardiovascular diseases, venous thromboembolism, ABO blood group,
von Willebrand Factor, COVID

1. Introduction

Cardiovascular diseases (CVD) including coronary heart disease and stroke
are the global leading cause of death and a major contributor to disability [1].

1 IntechOpen
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Traditional modifiable risk factors include hypertension, dyslipidaemia, diabetes
mellitus, current smoking, obesity and physical inactivity and non-modifiable risk
factors include age, gender, family history and ethnic background [2]. Amongst
the non-modifiable risk factors, genetic variations in conjunction with traditional
modifiable risk factors may significantly influence the trajectory of an individual’s
CVD risk [3]. Studies on the association between ABO blood group and CVD have
consistently demonstrated that possession of the O blood group, the most common
phenotype in most populations [4], confers protection against an individual devel-
oping a cardiovascular event [5-11]. The A and B blood groups are most frequently
seen in Caucasian and Asian populations, respectively [4]. However, the magnitude
of the association between CVD and ABO blood grouping across different ethnic
populations is controversial in part due to the higher population attributable risk of
traditional modifiable vascular risk factors [9, 10, 12].

There is also a well-documented interaction between ABO blood group and
venous thromboembolism (VTE) [7, 13-15]. The A2 blood subgroup, which is less
common than Al and rare in Asian populations [5], has been reported to be associ-
ated with a modest VTE risk (Odds Ratio 1.2) whereas the A1 and B subgroups confer
a 1.8-fold increased risk [7]. The non-O blood groups are associated with ~25-30%
higher plasma levels of factor VIII and von Willebrand Factor (vWF) which are felt
to be the major contributing factors to the increased risk of VTE [7, 16]. ABO blood
grouping has been reported to influence activated protein C resistance [8], plasma
lipid levels [11] and markers of inflammation including soluble intercellular adhesion
molecule 1 (ICAM1), plasma soluble E-selection and P-selectin and tumour necrosis
factor-alpha [11]. An additive effect on VTE risk and ABO blood group has also
been described in association with factor V Leiden and prothrombin gene mutations
[10, 17]. Finally, ABO blood grouping has more recently been reported to influence

Blood Type O

At sribodics

Blood Type O

nii-AB
i antbodies

Blood Type A Blood Type A

Aantigen

Myacardial
infarction

Collagen  yir GPIb- ¥
ADAMTS13

Endothelial Cell

Figure 1.
ABO gene and their potential role in COVID-19, cevebral ischaemic disease, peripheral arterial disease, and
myocardial infarction.
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susceptibility to SARS-CoV-2 infection and an individual’s propensity to more severe
disease [18-20]. Proposed mechanisms include an additive risk of COVID-19 related
thrombophilic complications in patients with a non-O blood group and a protective
role of the O-blood group against the binding of the SARS-CoV-2 spike protein to
lung epithelium angiotensin converting enzyme-2 receptor [18-20].

There are at least 35 minor blood group antigens in addition to ABO including Kidd,
MNS, Duffy and Lewis [21] for which some, including Kidd and Lewis, have also been
associated with CVD although the mechanisms of the associations are unclear [22-24].

This review will focus on the relationship between ABO blood types and CVD
including coronary artery disease, ischaemic stroke, peripheral arterial disease and
VTE (Figure 1). The contemporary relationship between SARS-CoV-2 infection,
CVD and ABO blood grouping and the role of minor blood group antigens in the
pathogenesis of CVD will also be discussed.

2. The ABO blood group system

The discovery of the ABO blood group system in 1900 by Austrian physician Karl
Landsteiner saw him awarded of a Nobel Prize in physiology and medicine thirty
years later [25]. The ABO blood group system consists of three main alleles A, B and
O with codominant A and B alleles resulting in an inheritance pattern consisting of
six genotypes and four major blood types [4, 25]. The ABO locus is found on chro-
mosome 9 (9q34.1-q34.2) and codes for 2 glycosyltransferases A and B that transfer
N-acetyl-D-galactosamine and D-galactose to a H antigen acceptor site on red blood
cells (RBC) producing A and B surface antigens and blood group types, respectively
(Figure 2) [26]. Lack of glycosyltransferase activity results in an unmodified ABO
H antigen precursor and an O blood group type (O standing for ‘Ohne’, the German
word for ‘without’) [25, 26]. Although ABO blood group antigens are RBC antigens,
they are also expressed on human tissue including epithelial and endothelial cells [4].

The four basic ABO blood groups are O, A, B and AB. The ABO blood phenotypes
have multiple subtypes, including A1, A2 and A3, in which 80% of blood group A
cases are Al in subtype, and O1, O2 and O3, in which O1 accounts for 95% of blood
group O cases (Table 1) [4, 26]. From an evolutionary perspective, the oldest blood
groups are A and O with Al subtype considered the ancestral blood group [4, 7].
Single nucleotide polymorphisms (SNPs) of the ABO gene define the major haplo-
types of European ancestry populations [7]. A substitution from proline to leucine
atamino acid 156 results in a change from A1 to the less common A2 allele [5, 7].
Substitutions from glycine to serine at amino acid 235, leucine to methionine at amino
acid 266 and glycine to alanine at amino acid 268 results in B allele subtypes [7, 27]. In
contrast, the O1 type is a consequence of a frameshift deletion of guanine (cdel261G,
p88£s118Stop) which translates to a protein without enzymatic activity [4, 5, 7].

There are significant geographic and racial variations in the distribution of
blood groups across the world [4, 25]. Contributing factors include migration over
the time of humankind’s existence and processes of natural selection influenced
by environmental factors such as climate and major diseases including malaria
for which the O blood group confers protection [25]. Blood group A is predomi-
nant in Northern and Central Europe, B in Central Asia and O in Africa, South
America, and Australia [4, 5, 25]. However, there are isolated populations within
each continent that have a completely different blood group [4]. For example, the
O blood group is common in different areas of Europe including Scandinavia and
Switzerland [10, 25]. The most recent blood group, AB, appears to have arisen
when A blood group populations in Europe migrated and mixed with B blood group
populations of Asia [4].
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Blood Type O Blood Type B

Red blood
cell

Blood Type A Blood Type AB

A antigen

B antigen

Figure 2.

Transfer of N-acetyl-D-galactosamine and D-galactose to a H antigen acceptor site on red blood cells (RBC)
produces A and B surface antigens and blood group types, respectively. Lack of such a transfer result in an
unmodified ABO H antigen precursor and the O blood group type.

ABO blood groups [25]
A A1, A2, A3 and other rare types including A4, A5, A6, Z, X, End, Boutu, g and i
B B1, B2, B3 and rare types w; X, vand m

Other subtypes 01, 02, O3 and other types including Yy, Hh, Xx and Bombay

Table 1.
The main ABO groups and their subtypes.

Due to the association between clotting and ABO blood group, these geographic
and racial differences may contribute to ethnic differences seen in rates of CVD.

3. ABO blood groups and arterial diseases

There have been numerous retrospective and prospective studies and meta-anal-
yses demonstrating an association between non-O blood groups and CVD events
[5, 8-12, 24]. These studies have consistently demonstrated an association between
non-O blood groups and an increased risk of arterial disease including myocardial
infarction, coronary heart disease, peripheral arterial disease, and ischaemic stroke
(Table 2). Possible mechanisms for an association with CVD include vWF-related
thrombosis and modulation of platelet function through other platelet proteins
which also express ABO antigens such as glycoprotein IIb [5]. The following two
sections discuss the relationship between ABO blood groups and arterial diseases.
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Study and Type of study Subjects Age Country Findings (non-O
year range versus O)
Medalie 5-year 10,000 males >40y Israel 1 Ml and angina
etal. 1971 prospective pectorisin A1, B,
[24] observational Alk*, BJk*
Wuetal. Meta-analysis 45 arterial Multiple Multiple 1 MI (OR 1.25),
2007 [8] studies with ages countries PAD (OR 1.45) &
9720 subjects cerebral arterial
ischaemia (OR1.14)
in non-blood O
Wiggins Case control 1063 MI, 469 Age United 1 Ml in blood group
etal. 2009 study ischaemic range States A" & 1 ischaemic
[30] (10 y follow-up) & 91 30-79 stroke in blood
haemorrhagic group B compared
stroke vs. to 0101
3462C
Heetal. 26-year 62,073 female 30-55 United 1 coronary heart
2012 [11] prospective nurses yat States diseasein A, Band
observational baseline AB blood groups
Heetal. 20-year 27,428 males 40-75 United 1 coronary heart
2012 [11] prospective yat States disease in blood
observational baseline groups A, B & AB
Zakai et al. Case cohort 646 stroke & Mean United 1 stroke risk in
2014 [12] study (median 989 non-stroke ages States blood group AB
5.8 y follow-up) controls 63.6— versus O with
(REGARD 668y hazard ratio greater
study) in those without
diabetes mellitus
Vasan et al. SCANDAT?2 1112072 blood Mean Sweden 1 MI & stroke in
2016 [10] (12.6 y median donors age 33 and non-O blood group
follow-up) yat Denmark
baseline
Capuzzo > 2-year 249 blood 35-55y Italy 1 clinical or
etal. 2016 observational donors with subclinical CVD
[6] (median 5.3 y) Cardiorisk events including
score > 20 ACS, cerebral
ischaemia, cardiac
arrhythmia & PAD
in non-O group
Chen etal. Meta-analysis 17 studies Multiple Multiple 1 coronary heart
2016 [9] of 225,810 ranges countries disease in blood
participants group A (OR 1.14)
vs. O (OR 0.89)
Linetal. Acute 1209 Mean China 1 post-MI
2017 [28] observational ST-elevation age55y spontaneous
MI patients recanalization in O
group
Fuetal. Case control 61 HR & 600 756y China 1 HR following MI
2020 [29] study randomly (HR) v in blood group A
selected MI C 66.2yC

ACS = acute coronary syndrome; C = control subjects; CVD = cardiovascular disease; HR = heart rupture;
MI = myocardial infarction; OR = Odds Ratio; PAD = peripheral arterial disease; SCANDAT = Scandinavian

Donations and Transfusions; y = years.

Table 2.

Subject characteristics and non-O versus O blood group findings for the studies presented in the ABO blood

groups and arterial diseases section (by year of publication).
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4. ABO and coronary artery disease

In 1971, Medalie et al. reported the findings of a five-year prospective study of
10,000 Israeli male government employees aged >40 years who were born in six
different regions (Eastern, Central and South-eastern Europe, Israel, Asia, and
North Africa) [24]. The study found that subjects with blood groups Al, B, and A1B
tended to have higher rates of myocardial infarction and those with Al and B had
higher rates of angina pectoris when compared to other blood groups [24]. Further,
subjects who were negative for the Kidd glycoprotein (JK*°), a red blood cell urea
transporter, had the highest rates of myocardial infarction and angina pectoris and
adding this group to the ABO system (A1Jk*", BJk*" and, particularly, A1BJk*") was
associated with very high incidence rates [24].

A pooled analysis of two large prospective United States (US) cohort studies,
the Nurses’ Health Study (NHS) which included 62,073 women and the Health
Professionals Follow-up Study (HPFS) which included 27,428 men, both of which
had >20 years follow-up, also found that the ABO blood group was significantly
associated with an increased risk of coronary heart disease for men and women
[11]. A limitation of these two patient cohorts was the self-reporting of ABO and
Rh factor status. However, a validation analysis of a subsample of 98 subjects found
a 93% serologically confirmed ABO consistency for NHS and 90% consistency for
HPFS. The combined analysis found that those with blood group A, B or AB were
more likely to develop coronary heart disease and this risk was independent of
age, level of physical activity, alcohol or smoking consumption or diabetes history
[5, 11]. A meta-analysis, performed by the same authors, of 7 cohort studies includ-
ing NHS and HPFS which combined a total of 114,648 individuals and 5,741 coro-
nary heart disease cases found a significant pooled relative risk for coronary heart
disease in patients with a non-O blood group of 1.1 (95% CI 1.05-1.18, p = 0.0001).
Subjects with an O blood group had a lower risk for coronary heart disease when
compared to B or AB with a trend seen for blood group A [5, 11].

ABO blood group status may be clinically relevant in subjects with concur-
rent cardiovascular risk factors. A study of 289 Italian blood donors with a high
cardiovascular risk score (>20) found that those with a non-O blood group had an
increased risk of CVD events (including acute coronary syndrome, cerebral isch-
aemia, cardiac arrhythmias and supraaortic trunk or iliac artery stenosis) during
a median follow-up of 5.3 years [6]. ABO blood group status may also influence
CVD-related patient outcomes. In a study of 1209 patients with acute myocardial
infarction, Lin et al. found a higher rate of spontaneous recanalization following
myocardial infarction in association with the O blood group whereas the rate of
spontaneous recanalization was lower in subjects with an A blood group [28]. Blood
group A type has also been associated with an increased risk of heart rupture fol-
lowing myocardial infarction [29]. Hence, ABO blood type may not only predispose
susceptible individuals to an increased risk of CVD events but may also influence
post-myocardial infarction outcomes.

5. ABO, stroke, and arterial disease in general

ABO blood group status has been shown to influence stroke risk. An associa-
tion of AB blood group with stroke (adjusted Hazards Ratio [aHR] 1.83, 95% CI
1.01-3.30) was found in the (Reasons for Geographic And Racial Differences in
Stroke [REGARDS]) study which involved 30,239 US participants followed up over
5.8 years [12]. This finding remained significant after adjustment for age, gender,
race region and Framingham stroke risk factors (systolic blood pressure, taking

6
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antihypertensive medication, diabetes, current smoking, atrial fibrillation and left
ventricular hypertrophy). The association was greater in those participants without
diabetes mellitus (aHR 3.33 95% CI, 1.61-6.88). Factor VIII levels accounted for
60% of the AB associated stroke risk [12]. Another study by Wiggins et al. identi-
fied an increased risk of ischaemic stroke in subjects with a B blood group (OR 1.59,
95% CI1.17-2.17) [30].

Meta-analysis studies have also demonstrated associations between non-O blood
groups and arterial diseases in general. Chen et al. performed a meta-analysis of 17
studies involving 225,810 participants and found that blood group A was associ-
ated with an increased risk of coronary artery disease (OR 1.14, 95% CI 1.03-1.26,

p = 0.01) and blood group O a lower risk (OR 0.85, 95% CI 0.78-0.94, p < 0.001)
[9]. These results remained significant after cases of myocardial infarction were
excluded. Wu et al. conducted a systematic review and meta-analysis of 59 studies,
both retrospective and prospective, reporting associations of ABO blood groups
and arterial disease [8]. They found significant ORs of 1.25 (95% CI 1.14-1.36)

for myocardial infarction (n = 22 studies), 1.45 (95% CI 1.35-1.46) for peripheral
arterial disease (n = 8 studies) and 1.14 (95% CI 1.01-1.27) for cerebral ischaemia of
arterial origin (n = 7 studies) in subjects with a non-O blood group [8].

6. ABO blood groups and venous thromboembolism

The relationship between the ABO blood groups and VTE is most probably
stronger than that seen in arterial diseases [5]. The association between blood
group subtypes and VTE has been well documented in a few genome-wide associa-
tion (GWAS) [5, 31, 32], meta-analyses and/or case—control studies [7, 8, 10, 13]
(Table 3). A French GWAS study involving 419 patients with early age onset of
first deep vein thrombosis (DVT) who were compared to 1228 controls found that
participants with blood type O had a 67% lower risk of VTE compared to n those
with a non-O blood group [5, 31]. Relative to other non-O groups, subjects with
the uncommon A2 subtype had a 47% lower risk [5, 31]. In the same study, Factor
V Leiden mutations were also associated with increased risk of VTE although the
authors did not investigate the potential for an additive risk in those having both a
non-O blood group and a Factor V Leiden mutation [31]. A similar association of
non-O blood group with VTE was found in another GWAS study comparing 1503
VTE subjects to 1459 age and gender matched controls [32]. In this study, the popu-
lation attributable risk for VTE was highest for the non-O blood group, followed by
blood type A, Factor V Leiden, and prothrombin G20210A [32].

There is evidence that the A2 subtype of blood group A is associated with a
lower VTE risk when compared to the A1 allele [5, 33]. The A2 allele possesses a
single base deletion near its carboxyl terminal (1061delC) which results in 30 to
50-fold less A-transferase activity than its Al counterpart which suggests a correla-
tion between the degree of H antigen glycosylation and VTE risk [33]. Data from 2
population-based case control studies that included 504 post-menopausal women
with non-fatal VTE found that the B and AB blood groups were both associated
with an increased risk of VTE (OR 1.82, 95% CI 1.29-2.57, and OR 2.7, 95% CI
1.73-4.21, respectively) when compared to O101 subjects [30]. Participants with
A11, a subtype of the Al allele, also carried a 79% increased risk of VTE (OR 1.79,
95% CI 1.41-2.26) [30]. An increased VTE risk was also identified in a population-
based case control study of venous thrombosis (Leiden Thrombophilia Study) [34].
In this study, an increased thrombotic risk was found for non-O blood groups apart
from those with genotypes homozygous to A2 or possession of any A2/O combina-
tion. Subjects with A1B/A2B and A1A1/A1A?2 blood group genotypes had a 90-110%
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Study and Type of study Subjects Agerange Country Findings (non-O
year versus O)
Morelli et al. Case control 471 patients Not Nether- 1 VTE for all non-O
2005 [34] study & 471C reported lands blood group except
(LETS study) A2A2 orany A20
combination
Wuetal. Meta-analysis 21VTE Multiple Multiple 1 VTE in A1A2/A1B/BB
2007 [8] studies (OR 2.44) & A!O/BO/
with 6720 A2B (OR 2.11) blood
subjects groups
Limaetal. Case control 65VTE Mean age Brazil 1 VTE for FVL (OR
2009 [17] study patients & 34y 10.1) and double 1 risk
51C (range if also AB (OR 22.3)
6-67y)
Trégouét Case control 419VTE Ageat France 1 VTE in non-O blood
etal. 2009 study (GWAS patients onset<50 y group, relative lower
[31] screening) & 1228 risk VTE of A2 amongst
healthy C non-O subjects and
additive risk of FVL
mutation
Wiggins Case control Peri/ Age range United 1 VTEinB (OR 1.82),
etal. 2009 study post-MP 30-89y States AB (OR2.7) & A11 (OR
[30] (10 y follow-up) women 1.79) compared to 0101
504 VTE & blood group
2172C
Heitetal. Case control 1503 VTE Mean age United 1 VTE population
2012 [32] study (GWAS & 1459 age for VTE & States attributable risk
analysis) & gender C55y for non-O blood
matched C group followed by A
blood group, FVL &
prothrombin G20210A
Vasan et al. SCANDAT2 1112072 Mean age Sweden 1 VTE including
2016 [10] (12.6 y median blood 33yat and pregnancy-related VTE
follow-up) donors baseline Denmark & DVT in non-O blood
group
Sunetal. Retrospective 1412 VTE & Mean 57.3 China 1 VTE in non-O blood
2017 [13] observational 199,248 C yVTE & group (OR 1.35)
7y) 475C
Goumidi Pooled analysis 5425VTE & Not Multiple 1 VTE for A2 (OR 1.2),
etal. 2021 of 6 studies 8445C reported countries A1&B(OR18) & |

(7]

VTE for O2 (OR 0.8)
compared to O1

C = control subjects; DVT = deep vein thrombosis; FVL = Factor V Leiden; GWAS = genome-wide association study;
LETS = Leiden Thrombophilia Study; MP = menopausal; OR = Odds Ratio; PTE = pulmonary thromboembolism;
SCANDAT = Scandinavian Donations and Transfusions; VTE = venous thromboembolism; y = years.

Table 3.

A summary of subject characteristics and non-O versus O blood group findings for the studies presented in the
ABO blood groups and VTE section (by year of publication).

increased risk and those with BB/BO1/B02 genotypes had a 60% increased risk

when compared to the OO genotype [34].

In a pooled analysis of 6 case—control/prospective studies of VTE, the A2
subgroup was found to be associated with a modest increase in VTE risk (OR 1.2)
whereas the Al and B subgroups had a 1.8-fold increased risk compared to the O1
subgroup. In contrast, O2 had a relative protective effect (OR 0.8) [7]. Both the Al
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and B subgroups were associated with increased vWF and factor VIII plasma levels
whereas only the A1 subgroup was associated with increased ICAM levels [7]. A
meta-analysis of 21 VTE studies, 18 of which were retrospective in design, found

a pooled OR of 1.79 (95% CI 1.56-2.05) for non-O blood group and VTE [7]. The
combination of A1A1/A1B/BB genotypes had an OR of 2.44 (95% CI 1.79-3.33) and
A10/BO/A2B an OR of 2.11 (95% CI 1.66-2.68) for VTE [8].

The presence of a non-O blood group has been found to correlate with unpro-
voked PTE, provoked including pregnancy induced and recurrent VTE. Ina
Scandinavian 25-year follow-up study of >1.6 million blood donors, those with a
non-O blood group had higher rates of pregnancy-related VTE events, DVT and
pulmonary embolism [10]. The risks of recurrent pulmonary embolism and DVT
provoked by comorbid illness were also higher in subjects with a non-O blood group
[10]. A large hospital-based retrospective study of 200,660 Han Chinese patients
including 1412 VTE subjects (600 with DVT, 441 with pulmonary embolism and
371 with both conditions) conducted between 2010 and 2016 found a significant
association of non-O blood group with VTE (OR 1.35, 95% CI 1.21-1.54) [13].
Interestingly, subgroup analysis found a relatively greater non-O blood group risk
for those with an unprovoked VTE (OR 1.86) compared to provoked VTE (OR
1.22). The OR for having a non-O blood group also appeared to decrease with age
[13]. Finally, a Brazilian case control study comparing 65 subjects with a history of
DVT to 51 controls showed a significant increased risk of VTE in the presence of
Factor V Leiden mutation (OR 10.1) which doubled in those in whom the AB allele
of the ABO blood group was also present (OR 22.3) [17].

Future research into the role of developing risk stratification models or algo-
rithms, for example, by combining ABO and other genetic variables with patient
comorbidity and arterial risk factors to identify individuals at higher risk of VTE
is warranted. This may translate to improved cardiovascular disease management
including decision making for VTE prophylaxis at the hospital and outpatient
setting.

7. Von Willebrand factor, factor VIII and other factors associated with
ABO blood group and CVD

The majority of studies that have been presented in this review implicate an
increase in plasma levels of vWF and factor VIII by non-O blood group types as the
likely mechanism for an increased risk of thromboembolic events [5-13]. VWEF/
factor VIII are important in the acute phase response to vessel injury [8]. VWF is
a carrier of factor VIII, protects it from inactivation, can also recruit platelets to a
site of vessel injury to induce a coagulation cascade responsible for clot formation
[5]. VWF can also bind to the platelet receptor glycoprotein Iba, to form a bridge
between platelets and the endothelium and participate in a thrombo-inflammatory
response (Figure 3) [35, 36].

ABO blood groups may have a direct functional effect on circulating vWF and
thereby modulate both vWF and factor VIII levels [5]. The mechanism by which
the presence of an N-acetyl-D-galactosamine or D-galactose residue on glycans
expressed on the H antigen acceptor site of a RBC influences plasma levels and/
or bioactivity of vWF is unclear [16]. A plausible mechanism is that ABO glycans
on vWF itself influence its release into plasma and/or its clearance [16]. VWF is
derived from a pre-pro-polypeptide (ppvWF) synthesized in endothelial cells and
megakaryocytes [16]. The expression of blood antigen A on vVWF correlates with
decreased ppvWF to vWF ratios as well as longer half-life and increased plasma
levels of vWF [16].



Blood Groups - More than Inheritance of Antigenic Substances

Erythrocyte

Collagen

ADAMTS13

Endothelial Cell

iviated Platelet

Figure 3.

Von Willebrand factor (VWF) can bind to the platelet receptor glycoprotein Ib (GPIb) to form a bridge
between platelets and the endothelium and a thrombo-inflammatory response. The protease ADAMTTS13
(a disintegrin and metalloproteinase with a thrombospondin type 1 motif, member 13) is vesponsible for the
proteolysis and clearance of vVWF from the circulation.

It has been postulated that the presence of A and B terminal carbohydrate
antigens influence the proteolysis of vWF by its major protease ADAMTTS13 (a
disintegrin and metalloproteinase with a thrombospondin type 1 motif, member 13
- also known as von Willebrand factor-cleaving protease [VWFCP]) [5]. Individuals
lacking glycosyltransferase activity (O blood group) have higher levels of
ADAMTSI13 activity suggesting that ABO glycosyltransferase activity can indirectly
modify, for example, inhibit proteolytic activity and reduce vWF clearance from
the circulation [5]. However, there are studies which have not supported this as the
underlying mechanism [37]. Future research into other, yet to be determined, ABO
blood group and VWF-related associations may unravel the underlying mechanism
of anon-O blood group increased risk of thrombosis.

Blood group antigens are also associated with elevated plasma levels of markers
of inflammation including endothelial cell and platelet-derived adhesion molecules
[5]. Elevated plasma levels of adhesion molecules including soluble P-selectin, sol-
uble ICAM-1 and tumour necrosis factor-alpha are associated with ABO genotype,
which may result in arterial and venous thrombosis and an increased CVD risk
[5, 11]. However, in studies reporting the circulating expression levels of sSICAM-1
and soluble P-selectin, the blood group A has paradoxically been found to be associ-
ated with lower circulating expression levels of SICAM-1 and soluble P-selectin
when compared to the O blood group [38, 39]. This contradictory finding has been
described in healthy Chinese populations and a study of Caucasian women without
a history of chronic disease [38, 39]. A postulated explanation for why blood group
A, in general, may be associated with lower circulating inflammatory markers
despite carrying a higher CVD risk is that higher levels of SICAM-1 or soluble
P-selectin expression are limited to those with significant CVD risk factors and/
or symptomatic CVD. The concentrations of membrane forms of these adhesion
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molecules may also higher and thereby still mediate leucocyte migration and adhe-
sion at an endothelial level [39]. It is also possible that reduced levels of SICAM-1
increase the adhesion of leukocytes on endothelial surfaces which may result in
increased arterial inflammation [40].

Platelet glycoproteins including GPIIb, and platelet endothelial cell adhesion
molecule are known to carry ABO blood group antigens and may be involved in
thrombosis through modulation of the GPIIb-GPIIIa fibrinogen receptor complex
[5]. A relationship between ABO blood group and angiotensin converting enzyme
activity has also been reported which implicates a role for ABO blood group in the
regulation of arterial risk factors such as hypertension [41].

Epidemiological studies have demonstrated an association between an elevated
serum cholesterol including low-density lipoprotein cholesterol and non-O blood
groups [5, 42]. These findings implicate ABO genotypes in the modulation of
plasma lipids. ABO blood groups are also associated with phytosterol levels which
have also been reported to modify cardiovascular risk [5].

8. ABO blood group, COVID-19, and CVD

There is growing evidence that ABO blood groups may play a role in the suscep-
tibility to and severity of SARS-CoV-2 infection [18-20]. Individuals with blood
group O have a lower risk and those with blood group A carry a higher risk of SARS-
CoV-2 infection [18]. A systematic review by the International Society of Blood
Transfusion (ISBT) COVID-19 working group recently reported that subjects with
blood group A had a higher rate of SARS-CoV-2 infection as well as an increased
risk of requiring mechanical ventilation, continuous renal replacement therapy
and prolonged intensive care unit stay [18]. Postulated mechanisms include an
increase in angiotensin converting enzyme-1 levels in blood group A patients and an
increased risk of cardiovascular, thromboembolic, and inflammatory complications
[18]. It is plausible that possession of a non-O blood group and associated increase
in vWF and factor VIII levels have an additive effect to the thrombophilia caused
by SARS-CoV-2 and results in an increased risk of COVID-related CVD complica-
tions [18-20]. A recent hypothesis for an association between non-O blood group
type and risk of SARS-CoV-2 infection is that anti-A and/or anti-B antibodies,
which are present in patients with blood group O bind to a corresponding antigen,
for example the angiotensin-converting-enzyme-2-receptor, on the SARS-CoV-2
viral envelope which then inhibits viral entry into lung epithelium (Figure 4) [18].
Although ABH antigen structures are yet to be described on the SARS-CoV-2 pro-
tein, the spike protein has been reported to possess N-glycans and N-glycosylation
sites which could potentially interact with anti-A and anti-B antigens and thus
confer protection against infection in individuals with the blood group O type [18].
The possibility that blood group A patients also have higher rates of underlying
comorbidities which significantly contribute to COVID-related complications can-
not be excluded [18].

A single-centre study from Bangladesh which evaluated 438 patients with SARS-
CoV-2 infection also found a significantly higher rate of blood group A amongst
COVID-19 patients compared to the general population [20]. However, ABO blood
groups were not associated with type of presentation or recovery from infection
[20]. Conversely, an observational study of 14,112 individuals tested for SARS-CoV-2
in the New York Presbyterian hospital system found that risk of intubation was
increased for AB and B blood groups but decreased for A when compared to O blood
group and risk of death was increased for those with AB blood group and decreased
for A and B blood groups [19]. Interestingly, Rhesus status, which is not implicated
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A %;/lpothesis for an association between non-O blood group type and risk of SARS-CoV-2 infection is that
anti-A and/or anti-B antibodies may bind to the angiotensin-converting-enzyme-2-receptor on the SARS-CoV-2
viral envelope and thereby inhibit viral entry into lung epithelium. Top left shows blood group O with anti-A
and anti-B antibodies in the plasma. Top right illustrates anti-A antibodies of blood group O which potentially
competitively bind to the spike protein of SARS-CoV-2 and thus inhibit infection. Lower left shows blood group
A with A-antigens on the membranes of red blood cells. Lower right depicts ABH glycans on the SARS-CoV-2
spike protein which potentially competitively bind to angiotensin converting enzyme 2 (ACE2) receptors.

in CVD risk, correlated with COVID-19 risk [19]. Rhesus-negative subjects had a
lower risk of SARS-CoV-2 infection, intubation, and death [19]. The mechanism of
the relationships of ABO blood group, Rhesus status and SARS-CoV-2 infection is
unknown. Further research into the relationship between blood groups and risk of
SARS-CoV-2 infection and COVID-19 related complications is warranted.

9. Minor blood group antigens and CVD

There are over 35 minor blood group antigens on red blood cells [21], some of
which including P and Lewis, are widely distributed in other human cells and body
fluids [43, 44]. Minor blood groups have been associated with several diseases
ranging from malignancy to peptic ulcer disease, infection and CVD [43, 44]. As
discussed previously, subjects with a combination of blood groups A or B and the
Kidd antigen Jk*" status have been shown to be at increased risk of myocardial
infarction [24]. Sialyl-Le* (sLe*), an antigen of the Lewis blood group system, is
a major ligand for the cellular adhesion molecules E, P and L-selectin which are
involved in the adhesion of leucocytes to endothelium [44]. The Duffy blood group
glycoprotein is a chemokine receptor on RBCs that is involved in the recruitment
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of leucocytes to sites of inflammation [44]. Although the exact mechanisms are
unclear, these biological characteristics offer explanation why the Lewis and Duffy
blood group antigens may be associated with an increased risk of CVD.

The Lewis blood group system, which was first discovered by Mourant in 1946,
is classified into four phenotypes [Le(a-b-), Le(a + b-), Le(a-b+), Le(a + b+)]
determined by two genetic systems closely related on the short arm of chromosome
19 [45]. In a study of 3385 Danish males, the Le(a-b-) phenotype was associated
with an increased risk of mortality from ischaemic heart disease [46]. In another
Danish study involving 702 participants (72% male), the Le(a-b-) was associated
with self-reported non-fatal stroke [47]. However, a North Indian cross-sectional
study that compared 161 patients with angiographically-proven coronary artery
disease with 71 control subjects with normal angiography, found that the lack of
Lewis antigen expression was associated with coronary artery disease in female
subjects only [48]. A lack of Lewis antigen expression has also been associated with
a higher body mass index, weight gain over time, a lower level of physical activity,
type 2 diabetes mellitus and hypertriglyceridemia all of which associated with an
increased risk of CVD [49-52].

The Duffy antigen, located on the long arm of chromosome 1 [53], has also
been implicated in CVD risk [54]. There are four Duffy phenotypes [Fy(a-b-),
Fy(a + b-), Fy(a-b+), Fy(a + b+) [53]. A study of 5301 African American partici-
pants found that Duffy negative subjects with a neutrophil: lymphocyte ratio > 1.77
were more likely to have coronary artery disease and stroke [54]. Lack of Duffy
expression has also been associated with chronic organ damage, in particular renal
dysfunction, in subjects with sickle-cell disease [55].

To the best of our knowledge, there have been no studies to date addressing the
relationship of minor blood groups and COVID-19.

The limitations of studies evaluating the role of minor blood groups in CVD
include their observational cohort design, case selection, outcome definitions,
cohort sizes and influence of population attributable factors.

10. Conclusion

Subjects with non-O blood group type have an increased risk of arterial and
venous thromboembolism. Blood groups Al, B and AB are at particularly increased
risk of CVD events whereas blood group O confers a protective effect. Postulated
mechanisms of underlying the relationship between ABO blood group and CVD
include vWF and factor VIII activity and elevations in circulating inflamma-
tory markers and plasma lipids. Comorbidities including arterial risk factors and
predisposing factors to VTE such as concomitant Factor V Leiden mutations may
have an additive effect to thromboembolic risk. Minor blood group types includ-
ing Kidd, Lewis and Duffy are also been associated with CVD. The relationship
of non-0O blood group type and SARS-CoV-2 infection warrants further research.
Future directions include the development and implementation of risk stratification
algorithms for thromboembolic risk such as ABO blood group and other factors
associated with arterial or venous disease in a hospital or outpatient setting.
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Chapter2
Human Blood

Francisca Varpit and Vela Galama

Abstract

The human blood is composed of 3 layers of humors when separated into its
different components. The component that is clear, slightly yellow (plasma), the
whitish viscous-like (buffy coat) and the red fluid (red cells). The plasma com-
ponent is composed of proteins; however, it will not be discussed in this chapter.
The buffy coat is composed of white blood cells and platelets. The white blood
cells are composed of granulocytes and agranulocytes; all of which take part
in immune defense. The granulocytes, including monocytes have non-specific
immune response while agranulocytes, which include B and T cells have specific
immune response. The platelets function to help maintain normal hemostasis
during vascular injury. Blood group antigens are found on the surface of red cells
and are composed of proteins, carbohydrates and lipids. They are mostly inherited
on autosomes with the exception of two which have been found to be inherited on
the X chromosomes. With the advance of technology, some of their physiological
functional roles have been elucidated. These include; structural integrity, cationic
exchange, transporters, adhesion and receptor functions, and cell to cell commu-
nication. However, these mechanisms have been capitalized by infectious agents to
gain entry to the human body causing disease.

Keywords: human blood, blood components, red cell membranes,
blood group systems, blood group antigens, physiological functions,
pathophysiological functions

1. Introduction

Since ancient times, blood has been viewed as the very essence of human life. In
fact, description of the human blood dates back to the writings of Hippocrates in
about 400 B.C. He described it as being composed of four layers of fluid; one that
looked “black bile, red blood, whitish viscous-like (phlegm) and yellow bile” [1].
This was later clarified in the twelfth century by a Swedish physician as a descrip-
tion of blood that is undergoing clotting process, where blood is being separated
into distinct portions. During this time and earlier, the state of health and disease
were thought to have been caused by an imbalance between these layers of blood.
This helped to explain why bloodletting was performed during those ancient times
and into the nineteenth century [1, 2].

During those early years (200 AD), red blood was taught to be the dominant
humor and therefore bloodletting was carried out to reduce excess blood from
circulation, to slow down the heart rate, and also to reduce an inflammatory process
in an individual suffering from an inflammation. It was believed that this process
would in turn bring balance to the different layers of blood, and ultimately health to
the individual being bled [2].
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The composition of blood was however not known, until the discovery of the
microscope in 1673 by Anton Leeuwenhoeck. By 1683, Leeuwenhoeck could see
minute microorganisms such as bacteria using the instrument [3] and even accu-
rately described and measured red blood cells [1]. During this time, bloodletting
was based on unscientific principles and therefore remained controversial.

However, with the advance of technology at the turn of the twentieth century,
new approaches and standardized methods were developed, which contributed to
better understanding of the composition and structural organization of red cells
[4]. This eventuated in the current acceptance of Bloodletting as a therapeutic
treatment for specific chronic diseases associated with hematochromatosis (iron
overload), erythrocytosis (elevated hematocrit), porphyria and polycythemia
(excess number of red cells) [3].

As a result of advance in technology, there was also the understanding that red
blood cell membranes are composed of protein and lipid residues, which define
their structural composition, physiological and biological roles. Much of their
protein content is made up of hemoglobin; essential for transportation of oxygen
(O2) to tissues and carbondioxide (CO-) to the lungs. Apart from transportation,
they have other physiological functions such as; maintaining structural integrity of
the cell, modulation of cell-cell interactions or vascular endothelium-cell interac-
tions, anchorage site of cystoskeleton, anion exchange, adhesion and receptor
functions [4]. It is now well understood that, apart from these normal physiological
functions, red cells also serve as biological mediums by which external invaders can
enter blood circulation and tissues to cause disease to the human body [5]. Their
pathophysiological roles are discussed in Section 4, Subsection 4.2.

2. Blood Components
2.1 Composition

Blood does not only contain fluid but also other substances such as proteins,
carbohydrates, lipids and antigens [4]. The blood is comprised of 55% plasma and
45% formed or cellular elements [6]. The formed or cellular elements include buffy
coat, which contains white blood cells (WBCs) and platelets, and red blood cells

(Figure1). Blood is essential in humans and other animals and performs multiple
tasks. The erythrocytes or red blood cells contain hemoglobin and function in the

Plasma

Butfy Coat

Haematocrit (PCV)

Figure 1.
Blood, when centrifuged, it is separated into 3 diffevent layers; plasma (contains proteins), Buffy coat (contains
mainly white blood cells and platelets), and red cell concentrate) [7].
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transport of oxygen (02) to tissues and carbon dioxide (CO,) from tissues to the
lungs. The WBCs (Leucocytes)) are involved in the body’s defense against the inva-
sion of foreign antigens. The Platelets (thrombocytes) are involved in the process of
hemostasis; prevention of blood loss during injury [6-8].

2.2 Synthesis of blood components

All human blood goes through a process known as hemopoiesis or hematopoiesis.
Hematopoiesis or hemopoiesis is the process of blood production. This process pro-
ceeds through different stages starting from early embryonic life (mesoblastic stage),
to the hepatic stage, and then to the myeloid stage. The process in the embryonic and
early foetal life occur in the yolk sac, although at this stage, only the very early red cells
(erythroblasts) are formed. As the foetus develops, all blood cells are formed in the
foetal liver. Apart from the yolk sac, hemopoiesis also occurs in the mesoderm of intra-
embryonic aorta/gonad/mesonephros (AGM) region. After several weeks, it also occurs
in the spleen, lymph nodes and thymus. From the third to the 4th month until birth,
blood cell production occurs exclusively in the bone marrow. As the child matures into
adulthood, blood cell production is confined to only the flat bones such as; the sternum,
ribs, iliac bones, vertebrae, and proximal ends of long bones (Figure 2) [7, 8].

2.2.1 Red blood cells (Erythrocytes)

Mature red blood cells (RBCs) or erythrocytes are very small cells with a diam-
eter of about 8.0 pm. They maintain a biconcave discoid shape and do not contain a
nucleus [9]. The life span of mature RBCs is about 120 days. After the 120 days, they
are phagocytosed by reticuloendothelial system (RES) macrophages in the spleen [8].
Their main function is to transport O: from the lungs to various tissues and organs and
from these tissues and organs, it carries CO: to the lungs for reoxygenation [7, 9, 10].
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Figure 2.

The phases of hematopoeisis. During the process of blood production, erythroblasts are the first to be formed in the
yolk sac, followed by the vest of the cell lines in the fetal liver, then in the spleen and finally in the BM from the 4th
month of life onwards to adulthood [7].
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2.2.2 White blood cells

White blood cells are categorised as granulocytes and agranulocytes.
Granulocytes include; neutrophils, eosinophils and basophils, and agranulocytes
include; lymphocytes and monocytes [9, 11].

2.2.2.1 Granulocytes

These are also called polymorphonuclear leucocytes because their nuclei are
oddly shaped and their cytoplasm have densely stained granules when stained
with Leishman’s stain or Wright-Giemsa stain. They play a major role in immune
defence as part of the innate immune system. Their role in defence is non-specific,
short-lived and without memory [11].

2.2.2.1.1 Neutrophils

Neutrophils make up 97% of the granulocyte lineage and are the first to arrive
at sites of infection. The size of a mature neutrophil is about 10 to 12 micrometres
(um), with 2 to 5 lobes of deep purple nucleoli when stained with Leishman’ stain.
They also have very fine light pink cytoplasmic granules. These granules contain
proteins and enzymes such as; lysozyme, lactoferrin, vitamin Bi.-binding protein,
myeloperoxidase, acid phosphatase, elastases and others. Their major roles are;
phagocytosis of bacteria, viruses and yeasts, formation of Neutrophil Extracellular
Trap (NET), degranulation and cytokine production [11, 12]. Their lifespan is 1-2
days in peripheral blood circulation [7, 8].

2.2.2.1.2 Eosinophils

Eosinophils are small bilobed granulocytes, with granules that stain red orange
with the Wright-Giemsa stain. These granules contain proteins and enzymes such
as the major basic protein, cationic proteins, peroxidase and histaminase. These
are used to defend against helminthic parasites. On activation, eosinophils produce
debilitating toxic respiratory burst and also create transmembrane plug that kill
their target. Their maturation in the BM takes 2 to 6 days and their lifespan in blood
is less than 8 hours [7-9].

2.2.2.1.3 Basophils

Basophils are the least numerous of the circulating WBCs. Their nucleus
contains condensed chromatin, shrouded by darkly stained coarse granules when
stained with the Wright-Giemsa stain. These granules contain inflammatory
mediators and proteins such as; histamine, serotonin, heparin, Major Basic protein,
and enzymes such as DNAases, proteases and lipases. They also express receptors to
IgE and therefore have the ability to become activated when bound to IgE-Antigen
immune complexes. On activation, they degranulate releasing their content that kill
their target [12]. They also play a role in hypersensitivity reaction. Their lifespan is
less than 3 days [13].

2.2.2.2 Agranulocytes

These cells do not contain multiple lobes like the granulocytes.
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2.2.2.2.1 Lymphocytes

There are two types of lymphocytes. These are B and T lymphocytes. They are
the major players in the adaptive immune response against foreign invasions. They
constitute 20-30% of the total WBC population. Unlike the granulocytes, their
actions are slow, specific and have memory [12]. The B cells function to produce
antibodies and the T cells function to provide help to B-cells for antibody produc-
tion, kill off virus-infected cells, and also play regulatory roles. The sizes of these
cells range from 8 to 10 pm [7-9]. Naive lymphocytes live longer in their restful state
than effector lymphocytes. Lymphocytes that have differentiated into memory cells
have longer lifespan. The different lifespan periods are dependent on heterogeneous
populations during stages of differentiation and activation [14].

2.2.2.2.2 Monocytes

Monocytes are usually large in size, measuring about 12-20 pm in diameter. The
nucleus is generally kidney-shaped with fine chromatin. They have abundant cyto-
plasm which appear blue, and often contain azurophilic granules and vacuoles. They
circulate in blood for about a day before they exit to tissues where they are called mac-
rophages or histiocytes [12]. In the blood, their function is to protect against blood-
borne pathogens. In tissues, their major roles are phagocytosis, antigen presentation,
cytokine production and NET formation [7-9]. This population of cells comprise a
heterogeneous population; distinguishable by their cell surface markers and functions.
A blood classical monocyte’s lifespan is ~1.0 day, a blood intermediate monocyte’ life
span is ~ 4.3 days and a non-classical blood monocyte’s lifespan is ~7.4 days [15].

2.2.3 Platelets

Platelets are the products of cytoplasmic fragmentation of megakaryocytes in
the BM in a process called megakaryopoiesis [12]. The diameter of platelets is about
2-3um. They contain a-granules, dense granules, and lysosome. Their main func-
tion is their synergistic interactions with endothelial wall and plasma proteins to
maintain normal hemostasis during vascular injury. They remain alive in the blood
for about 10 days [7-9].

3. Blood group antigens

The term “blood group” generally refers to a person’s collection of “red cell
surface antigens”. These are found on the surface of red blood cells as part of the red
cell membrane. They are made up of proteins, glycoproteins and glycolipids. These
may elicit an immune response in individuals lacking these antigens.

Blood group antigens have been classified by the International Society for Blood
Transfusion (ISBT) into 30 blood group systems [16-18]. However, as of June,

2019, there are currently 38 blood group systems (Table 1), with over 200 red cell
antigens classified under these systems, while some are classified as collections

[16, 19]. These antigens are inherited and as such, understanding of their genetic
makeup is important as well as their unique characteristics which differentiates one
group or one antigen from another. Such characteristics include; genetic expression,
structure and location on red blood cells, and the type of antibody they induce.

The most common and clinically significant of these blood group antigens are the
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Traditional name ISBT No. Symbol Traditional name ISBT No. Symbol
ABO 001 ABO Gerbich 020 GE
MNS 002 MNS Crower 021 CROM
P1Pk 003 P1 Knobs 022 KN
Rh 004 RHD, RHCE Indian 023 IN
Lutheran 005 LU Ok 024 OK
Kell 006 KEL Raph 025 RAPH
Lewis 007 Le John Milton Hagen 026 JMH
Duffy 008 FY I 027 I
Kidd 009 JK Globoside 028 GLOB
Diego 010 DI GIL 029 GIL
Yt 011 YT RHAG 030 RHAG
Xg 012 XG Forssman 031 Fors
Scianna 013 SC Jr 032 Jre
Dombrock 014 DO Lan 033 Lan
Colton 015 Cco Vel 034 Vel
Lansteiner-Wiener 016 Lw CD59 035 CD59.1
Chido/Rodgers 017 CH/RG Aug 036 Augl
Hh 018 H Kanno 037 Kanno
Kx 019 XK Sid 038 Sid
Table 1.

International society for blood banks (ISBT) classification of the known blood group systems with their ISBT
numbers and symbols [19].

antigens belonging to the ABO and Rhesus blood group systems because they have
the potential of eliciting an immune response that can cause fatal consequences
through blood transfusion and or pregnancy [16].

3.1 Blood group antigen inheritance

Genes are units of inheritance that encode particular proteins needed for
production of particular inherited traits. Genetic information caried in these genes
are found in double stranded deoxyribonucleic acid (DNA) called chromosomes.
Humans have 23 pairs of these, of which; 22 are autosomes and 1 pair of sex chro-
mosomes. Within these chromosomes are sites called genetic loci; where genes are
located. Within these genetic loci are alternate forms of genes called “alleles” [16].

Inheritance of blood group antigens follow an autosomal codominant pattern
of inheritance, where alleles inherited from both parents are equally expressed on
autosomes [16]. Hereditary patterns of these antigens are based on the Mendelian
principles of inheritance; which sprouted from early experiments done on pea
hybrids [17]. His genetic concepts of Dominance, Independent Segregation and
Assortment are currently applied in understanding inherited characteristics (traits)
observed in human blood group genetics. For each inherited trait (character), there
are two alleles inherited from each parent. The expression of this inherited trait
is dependent on the combination of the two alleles inherited. One of these alleles
suppresses the effect of the other, while the other allele can only be observed in the
absence of the dominant allele. The allele that suppresses the expression of the other
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Parents A A

A AA Aa

a aA Aa
Table 2.

This Punnett square describes Mendel’s concept of “independent segregation” using symbolic “A” and “a” to
denote inheritance of a dominant allele and a recessive allele respectively [17].

is called the dominant gene, while the other that is not expressed in the presence
of the dominant gene is called recessive. This concept is referred to as the Law of
dominance [16, 17].

Thus, alleles inherited from each parent can be the same (homozygous) or
different (heterozygous). The concept of independent segregation refers to each
parent having a set of alleles for a particular trait, either of which can be passed
onto the next generation. These alleles segregate, allowing for only one allele to be
transmitted to an offspring. For example, using the letters “A” and “a” to represent
a dominant and a recessive allele respectively, there are four possible combinations
(Table 2). The AA combination constitutes entirely of AA (homozygous) offspring
and the aa combination comprise entirely of aa (recessive) offspring. The offspring
of the aa allele combination differ from the AA, aA and Aa combination due to
the absence of a dominant allele. The offspring of Aa and aA (heterozygous) gene
combinations inherited traits common to all four combinations [17].

Mendel’s third concept is “independent assortment”. During meiosis, a mixture
of genetic material is produced resulting from random behavior of genes on sepa-
rate chromosomes. These genes are inherited independent of each other on different
chromosomes but are expressed on the same red cell membrane. Figure 3 illustrates

Phenotype: A
K+k+ PhenotypeI:(. B
Genotype: AO Kok-
Genotype: BB
Kk
Kk
AB BO
Kk Kk

Figure 3.

Independent assortment. The ABO blood group antigens are sorted independently from the Kell antigen genes
because they are inherited on different chromosomes. However, they can all be expressed on the same red cell
membrane separately and discretely [16].

27



Blood Groups - More than Inheritance of Antigenic Substances

Figure 4.
Strength of immunogenicity of the Rhesus Blood Group antigens in decreasing order of immunogenicity.

the ABO and the Kell blood group system genes, whose genes are located on chro-
mosomes 9 and chromosome 7 respectively [16].

Genes coding for most of these blood group antigens are inherited on autosomes
except the Xg and the Kx. The Kx is coded for by the Xk gene, while the Xg is coded
for by the Xge allele, both of which are located on the X chromosome. This means that
fathers having the latter genes would pass it on to their daughters and none to their sons.
If, however, mothers have these genes, they would pass it on to both genders [16, 20].

Inheritance of blood group antigens follow distinct patterns of inheritance.
Some genes code for antigens that are co-dominant., some are dominant over
another and some are recessive. For example, in the ABO blood group system, the A
and B antigens are codominant; both alleles are expressed to show the trait. When
A and O alleles, or B and O alleles are inherited, the O trait is not expressed because
the A and the B alleles are dominant over the O. When O and O alleles are inherited,
the O traits are observed in the absence of a dominant gene. The O gene is said to be
recessive (Figure 4) [17].

According to the ISBT, some of these blood group antigens have been classified as
blood group systems based on their serologic and molecular characteristics (Table 1)
and their locations on specific chromosomes has also been elucidated (Table 3).

3.2 Structure and location on red cells

Three of the basic structural properties of red cells are hemoglobin, enzymes
and the membrane [18].

3.2.1 Hemoglobin

Although mature red cells no longer have nucleus nor mitochondria, they have
an abundance of hemoglobin, a red pigment that contains oxygen. The hemoglobin
carries oxygen to all parts of the body to keep the body alive and collects carbon
dioxide (CO:) from the tissues to the lungs for re-oxygenation.

Blood group system Chromosome Blood group system Chromosome
Rh 1 Kidd 18
Duffy 1 Lewis 19
MNS 4 Landsteiner-Wiener 19
Chido/Rodgers 6 Lutheran 19
Kell 7 Hh 19
ABO 9 P 22
Kx X Xg X
Table 3.

Some of the blood group antigens and their chromosomal locations, all of which ave found on autosomes and
only two are found on the X (sex) chromosomes [16].
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3.2.2 Engymes

The Embden-Meyerhof pathway is a metabolic pathway used by mature red
cells to generate energy through a series of enzymatic pathways that catalyze
the conversion of glucose to lactate and pyruvate. Within this pathway, there is
a shunt called the Rapoport Luebering shunt that generates the production of
2,3Diphosphoglycerate (2,3DPG); important in influencing the release of O: in
tissues. Apart from production of energy and 2,3 DPG, another end product of this
glycolytic pathway is generation of Nicotinamde Adenine Dihydrogenase (NADH);
necessary for reducing nonfunctional methemoglobin to oxyhemoglobin. Another
metabolic pathway in red cells is the pentose phosphate shunt. Two enzymes are
generated during this process. These are called glucose-6 phosphate-dehydrogenase
(G6PD) and 6-phosphogluconate dehydrogenase (6PGD), which then generate
Nicotinamide Adenine Diphosphodehydrogenase (NADPH). This enzyme with
Glutathione reductase catalyzes the generation of glutathione (GSH), which along
with glutathione peroxidase function to detoxify hydrogen peroxide and thus
rendering the red cell safe from oxidant damage [18].

3.2.3 Red cell membrane

The red cell membrane is comprised of proteins, lipids and carbohydrates.
Blood group antigens are found linked to these on the red cell membranes. Some of
these red cell antigens are only found on the red cell membrane or in fluids, while
some are found both on the red cell membranes and in body fluids. Those found
on the red cell membrane and also in fluids are; the ABO blood group system, Hh
and Lutheran. In fact, the ABO antigens are also found in lymphocytes, platelets,
epithelial cells and endothelial cells and the kidney having been adsorbed from
the plasma [16]. Those found on red cell membranes include; the Rhesus, Kell, Kx,
Duffy and Kidd. There is one known blood group system that is unique from the
others in that it is found predominantly in fluids. This blood group system is called
the Lewis and it is produced by tissue cells and released into body fluids. However,
these get adsorbed onto red cell membranes shortly after birth and continues on
for the first 6 years of life [19]. Although it is not clinically significant, serologic
antibody detected may indicate H. pylori infection as the Le® allele has a receptor to
this gram- negative bacteria [16].

Like the ABO blood group system, the Le gene does not code directly for its anti-
gen but instead codes for a glycosyltransferase called L-fucosyltransferase, which
then adds an immunodominant sugar called L-fucose to the precursor substance
(H antigen) to form the Le¢ antigen or Le (a+) phenotype. Its adsorption onto red
cell membranes depends on the presence of the precursor substance (H antigens)
on red cells and also presence of the L-fucosyltransferase type 1. Conversion of the
Lewis antigen from Le® allele to Le® in secretions depends on the Secretor gene (Se).
If the individual also had inherited this gene, which is mainly found in fluids, then
the L-fucose is added to the precursor substance in fluids to form the Le® antigen or
Le(b+) phenotype. This then gets adsorbed onto red cell membrane preferably over
the Le¢ antigen [16, 20].

3.2.3.1The ABO, rhesus and other blood group antigens
Genes coding for the formation of some of these antigens do not code directly
for their respective antigens. Instead, they code for glycosyltransferases, which in

turn catalyze the transfer of immunodominant sugars from donor molecules to a
precursor substance for the formation of their respective antigens. Examples of
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these are; the H, ABO, Se, Lewis, I/i and P:. The H, ABO and secretor (Se) blood
group antigens are inter-related, in that the H antigens forms the basis for the for-
mation of the A and B antigens on red cells and in secretions [20]. Lack of forma-
tion of the H precursor antigen on red cells result in the formation of the Bombay
(OH) blood type, instead of the ABO [21]. These individuals lack the ABH antigens
and thus possess naturally occurring antibodies against the A, B, O and H antigens
in their plasma. This exposes them to fatal consequences during blood transfusion.
The Se gene on the other hand play a vital role in the formation of ABH antigens in
secretions. This is because it controls the expression of the H antigen in secretions
[21]. In individuals who lack the Se genes, there is no formation of the H antigen in
secretion and ultimately no formation of the A and B antigens in secretions as well.

There are however, cases where an individual inherits a dominant allele and
arecessive (Sese) or co-dominant alleles (SeSe) from each parent in secretions
but lacks the H gene on red cells. In such individuals, formation of the H antigen
will still occur and thence formation of A and B antigens in secretions but not on
red blood cells. These individuals are said to have the “para-Bombay” phenotype
[22]. Some amounts of the A and B antigens may adsorb onto red cell membranes
from plasma and hence are detected on red blood cells [22]. This is summarized
in Table 4.

Some of the blood group antigen genes that code directly for the formation of their
respective antigens include the Rhesus, Kell, Kidd, Duffy and MNS. Among these, the
Rhesus antigens are very immunogenic because they are protein in nature, the most
immunogenic of which is the Rh D, followed by the c, E, C, e. (Figure 4). Initially
founded in 1939, the Rh blood group system is the most complex and polymorphic
with about 50 well-defined related antigens assigned to its system classification by
the ISBT [8, 23]. It is mostly associated with Haemolytic Disease of the Foetus/New
Born (HDFN) especially in a second pregnancy of a Rh D positive child conceived in a
mother who does not have the Rh D antigen. In the general population, 85% have the
Rhesus D antigen, while the rest are negative for it [19, 24].

However, the Kidd, Kell and Duffy are all considered clinically significant as
well because they have also been implicated in Hemolytic Disease of the Newborn
and therefore recognition of antibodies against these antigens are vital in relation to
blood transfusion and pregnancy [16].

After the Rhesus antigens, the Kell blood group antigens are next most immu-
nogenic. It is associated with another blood group system called the Kx, inherited
on the X chromosome. Absence of this on an individual’s red cells weakens the

Inherited Genes Antigenic expression
Onred In saliva (secretions)
cells
AB HH SeSe A,B,H A,B,H
AB HH sese A,B,H None
00 HH SeSe H H
00 HH sese H None
oh h sese None None
para-oh h SeSe None H, some amounts of A, B antigens adsorbed from plasma
para-oh h Sese None H, some amounts of A, B antigens adsorbed from plasma
Table 4.

Interaction between the ABO, H and Secretor genes depicting the expression of soluble antigens on red blood
cells and in secretions [16, 22].
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expression of the Kell antigens, a condition called “Mcleod phenotype”. They
develop red cell abnormalities such as acanthocytosis and reticulocytosis [16, 20].

The Duffy Blood group antigens are glycoproteins found on chromosome 1.
These glycoproteins span the membrane of the red cells. First defined in 1950 in a
patient who was suffering from hemophilia, it is best remembered for its association
with malaria. Individuals who do not possess this antigen (Fy a-b-) are protected
against Plasmodium vivax and Plasmodium knowlesi infections. This blood type is
common amongst African and American Blacks [16, 25]. Like the Duffy, the Kidd
blood group antigens are glycoproteins but located on chromosome 18. They are not
as polymorphic as the Rhesus and Kell blood group antigens. They play a role in urea
transport. They have also been implicated in causing extravascular haemolysis in a
delayed type of hemolytic transfusion reaction [16, 20].

Like the ABO and Lewis blood group antigens, the I blood group antigens are
oligosaccharides, which along with the i antigen, exist on the ABH oligosaccharide
chain precursors nearer to the red cell membrane. The i antigen on the other hand
has not been assigned to a blood group system and remains as a collection. The i
antigen is mostly expressed on red cells of New Born and cord blood, while the I is
mostly seen in adults red cells [16, 18]. The P1PK Blood group antigens are glyco-
proteins and glycolipids, and like the ABO, Lewis, and I blood group antigens, they
are also formed through the actions of glycosyltransferases. At birth, P1 is poorly
expressed. The MNS are structurally glycoproteins; their sugar components are
primarily composed of sialic acids attached to proteins which lends the negative
charge of red cells [20].

3.3 Antibody response to blood group antigens

Karl Landsteiner’s discovery of the ABO blood group antigens in 1900 [16, 26]
was the beginning of safe blood transfusion as we know today. He began by first
experimenting with his own blood and then that of his co-workers. When he began
to mix serum taken from co-worker A with red cells from co-worker B, he realized
that these formed clumps. When he then mixed his serum with red cells from both
of his two co-workers, he recognized that he had antibodies against both. This he
appropriately called blood group O, which to become the universal donor. The other
two co-workers A and B, he called anti-A and anti-B respectively because their
serum agglutinated when mixed with each other’s red cells. In his article published
in 1900 on these experiments, he added a footnote that stated “the serum of healthy
humans has an agglutinating effect, not only upon animal blood cells, but fre-
quently upon blood cells from other individuals as well” [26].

The antibodies against the ABO blood group antigens are the most clinically
significant because they are pre-existing. Based on Landsteiner’s rule, healthy
individuals have antibodies against antigens that they do not have. This is the basis
for all blood transfusions today. Patients’ blood is always typed and crossmatched
before they are infused to avoid fatal intravascular hemolytic transfusion reactions.
An individual with blood antigen A has antibodies against the B antigen and an indi-
vidual with blood antigen B on their red cell membrane has pre-existing antibodies
A in their plasma. Individuals with no AB antigens on their red cells have both A and
B antibodies in their plasma, while those that have both A and B antigens on their
red cells, they do not have pre-existing antibodies in their plasma (Table 5).

Antibodies against the ABO blood group antigens are mainly of the IgM class
and therefore are capable of reacting at temperatures ranging from 4°C to 22°C or
room temperatures. Because of its pentameric structure, it is able to bind to 10 of
these red cell antigens in at any one time. This is enough to trigger off a massive
intravascular complement protein reaction via the classical pathway resulting in an
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Blood type (antigens) Antibody-A Antibody-B Antibodies-AB
Onred cells In plasma In plasma In plasma
A NIL Present Present
B Present NIL Present
AB NIL NIL NIL
0 Present Present Present
Table 5.

Based on Karl Landsteiner’s conclusions, healthy individuals have antibodies in their plasma against antigens
that they do not have.

acute hemolytic transfusion reaction if the wrong ABO blood is transfused to an
individual with a different blood type. This type of reaction usually occurs within
minutes or hours of transfusion of the wrong blood. If not stopped quickly, fatal
consequences like disseminated intravascular coagulation (DIC), irreversible shock
and death can occur. Antibodies against the Lu® antigens in the Lutheran Blood
group system are also clinically significant. Although rare and mainly of the IgG
class, it has been found to be associated with transfusion reactions and HDFN [16].

Auto antibodies against the P antigen is bi-phasic and it is called the Donath-
Landsteiner antibody. It is referred to as bi-phasic because it is able to bind to the
P1 or P2 antigens at lower temperatures especially in the extremities of the body
and when warmed to warmer temperatures, the complement cascade is activated
resulting in haemolysis. These antibodies are mainly associated with paroxysmal
cold hemoglobinuria; a rare disorder characterized by cold associated haemolysis
and hematuria [16].

Autoantibodies against the I are mainly associated with patients with
Mycoplasma pneumoniae infections and cold haemagglutinin disease. In these
patients, strong auto-agglutinations are observed in in-vitro analysis. In patients
with disease conditions such infectious mononucleosis, lymphoproliferative disease
and sometime in cold hemagglutinin disease, anti-i is usually detected.

4. Blood group antigens as modes of disease transmission

For hundreds of years, the red cells were thought to be inert; with no form of
biological functions. This was never been justified until in 1865, when Hoppe-
Seyler discovered that in the red cells, there is an abundance of hemoglobin. These
red cells have two important properties that allow them to squeeze easily through
blood capillaries supplying tissues with oxygen to keep these tissues alive [1]. These
are flexibility of its membrane and fluidity of its content. Any imbalance in these
two properties will cause reduced survival of these red cells and removal hence by
macrophages in the spleen [20].

4.1 Physiological functions of red cell antigens

Apart from the important roles in O: transport to tissues and CO: back to the
lungs, production of ATP, 2,3 DPG and production of enzymes that ultimately
catalyzes the biochemical processes that result in the reduction of the dysfunctional
methemoglobin to oxyhemoglobin and reduced GSH, red cell antigens located
on and across the red cell membranes also play other roles in many ways. Some
of their known physiological functions include, gylcosyltransferases, structural
maintenance of red cells, protein transportation, complement pathway molecules

32



Human Blood

DOI: http://dx.doi.org/10.5772/intechopen.102293

Blood group Putative functions onred Blood group Putative functions onred cell
antigens cellmembrane antigens membrane
ABO Glycosyltransferases Chido/Rodgers C4 complements adsorbed
onto red cell membrane
MNS Contributes to glycocalyx. Hh Fucosyltransferase
GPA likely acts as a chaperone
for Band 3
P Glycosyltransferase Kx Xk protein linked to Kell
glycoprotein. Homology to
neurotransmitter transporters.
Rh Involved in CO2/O: or Gerbich Glycophorins C & D. Could
NH4+/NH; transport or link to glycocalyx. Links
maintenance of cell shape membrane to cytoskeleton
Lutheran Binds laminin 511 and 521. Cromer Decay-acelerating factor.
Probably adhesion/receptor Inhibits activity of C3
in erythropoiesis convertase. Also protects
cell from lysis by autologous
complement
Kell Possibly processes endothelin Knops Complement receptor 1.
3 Binds and processes immune
complexes
Lewis Not synthesized on red cell Indian Binds hyaluronan. Probably
membranes adhesion/receptor
Duffy Antigen receptor for Ok Probably adhesion/receptor
chemokines, possibly used
for removal from peripheral
blood
Kidd Urea transporter Raph May associate with integrins
to generate laminin-binding
complexes
Diego Band 3 anion exchanger 1. John Milton Probably adhesion/receptor
Exchanges HCO3'/Cl-. Links Hagen
membrane to cytoskeleton
Yt Its function is unknown 1 Glycosyltransferase
involved in branching of
oligosaccharide chains
Xg Possibly adhesion/receptor Globoside Galactosytransferase
Scianna Possibly adhesion/receptor GIL Water and glycerol channel
Landsteiner— Intracellular adhesion RHAG Rh associated glycoprotein
Wiener molecule-4. Binds integrin. probably involved in CO2/O:
Possibly adhesion /receptor or NH+/NHs transport
involved in stability of
erythroblastic islands
Table 6.

Putative physiological functions of some of the known red cell antigens [22].

regulation, adhesion molecules and as microbial receptors [16, 23]. These functions
are summarized in Table 6.

4.2 Pathophysiological functions of blood group antigens

Blood is a pharmaceutical therapy for treatment of various blood component
deficiencies and blood loss. However, it is quite often forgotten that, apart from
its normal biological functions, it also serves as vessel for transmission of various
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blood borne pathogens. It is now well documented that some blood group antigens
have been found to be associated with increased susceptibility to infections [27]
enhance disease progression in others [28], while in others have indicated reduced
susceptibility and severity [29]. Susceptibility to infection often depends on the
geography and epidemiology of the different blood group antigens [30].

Among the ABO blood group antigens, the A antigen has been shown to be associ-
ated with increased mortality from the COVID-19 than Blood groups B and O [30].
With Blood groups B and AB, they have a higher risk of suffering from thromboem-
bolism caused by the COVID-19 infections than O because they have higher levels of
von Willie Brands Factor (vWF) [31]. Blood group A has also been reported to play
a synergistic effect with the Hepatitis B virus (HBV) on the risk of development of
pancreatic cancer [32]. Blood group A is also found to be significantly associated with
the HBV infections, while syphilis was significantly associated with the Rhesus blood
group in the same study [33]. Data from one study demonstrated that Blood group B
antigens are associated with lower risk of being infected with hepatitis B virus (HBV)
while Group O has been demonstrated to have had a 12% risk of being infected
with HBV [32]. Severity of diarrhoea caused by Esherishia coli, Vibrio Cholerae
and Helicobacter pylori is dependent on the O blood type and Secretor status of an
individual [34]. Blood group AB is associated with the severity of dengue disease in
secondary infections [27]. Like the covid-19 infections, blood group O plays a protec-
tive role against severe malaria infection 35, 36]. Being a non-secretor also play a role
in reducing risk of infection by the HIV-1 and also slows down disease progression.
However, on the other extreme, being a Secretor promotes infections by Haemophilus
inflenzae, Neisseria meningitidis, Streptococcus pneumonie and Esherishia coli [34].

Helicobacter pylori is associated with peptic ulcer, disease, gastric carcinoma and
the Norwalk virus, however disease progression is enhanced in the presence of Le®
antigens as these serve as receptors to the bacteria [16]. Furthermore, autoantibod-
ies against the I (autoanti-I) are increased in Mycoplasma pneumoniae infections and
Cold haemagglutinin disease. Additionally, autoantibodies against the i antigens
(autoanti-i) are elevated in infectious mononucleosis, lymphoproliferative disease
and also in Cold Hemagglutinin disease. The Duffy blood group antigens on the
other hand play a protective role against Plasmodium vivax (Pv) invasion [24]; a
parasite species that causes malaria. This applies only to individuals who does not
express the Duffy antigens (Fya-b-).

5. Conclusion

The human blood is the very essence of life as it supplies the whole body with
O: and nutrients needed for its sustenance of life. The blood group antigens are a
part of this scared suspension of fluid that flows throughout the body unendingly
throughout life. Carried in its membranes are the structures that can serve two
purposes in a normal physiological sense and pathophysiological, in that apart from
carrying out functions that sustains the livelihood of the body that carries it, it also
serves as a means of entry for foreign invaders, which cause an imbalance in the
normal physiological functioning of the body causing disease state.
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Chapter 3

ABO Blood Group
and Thromboembolic Diseases

Yetti Hernaningsih

Abstract

Thromboembolic diseases are usually inherited in the family. The tendency to
repeat in an individual is a phenomenon that allows it to be studied. The inheritance
and recurrence of thromboembolic diseases, of course, have individual risk factors
for this occurrence. In the past, the ABO blood group was only needed for transfu-
sion and organ transplant therapy. Over time, scientists think that blood type is a
risk factor for certain diseases, including thromboembolism. Many studies divide
between type O and non-O blood groups, both of which are distinguished by the
presence of antigens on the cell surface and antibodies in the plasma of individuals.
Type O does not have A, B antigens but has antibodies against A, B antigens, and
vice versa for the non-O type. Many studies have shown that the non-O blood group
has a risk factor for thromboembolic diseases, commonly due to higher levels of von
Willebrand factor (VWF) and factor VIII (FVIII). These thromboembolic events
can occur in arteries or venous. Thromboembolic manifestations are often associ-
ated with cardiovascular diseases for arterial thrombosis; and deep vein thrombosis
(DVT) and pulmonary embolism (PE) for venous thromboembolism (VTE).

Keywords: ABO, blood group, arteries, venous, thromboembolic diseases

1. Introduction

The known blood types in the population are A, B, AB, and O. These blood
types are inherited from both parents. Antigens in the ABO blood group are complex
carbohydrates, found in erythrocytes, lymphocytes, platelets, epithelial and
endothelial cells, and organs such as the kidneys. Soluble forms of antigen are also
synthesized and secreted by tissue cells [1]. The distribution of ABO blood groups
in the population depends on race. For example, in India and Mexico, blood type O
is the most common. If data from countries in the world are compared, in India and
neighboring countries such as Bangladesh and Pakistan, groups O and B dominate,
while populations in Europe and Africa are dominated by groups O and A. This
comparison explains that the heterogeneity of blood groups in different places and
populations is caused by genetic and environmental factors [2].

Initially, the importance of ABO blood type is needed to obtain a match
between donor and recipient in the case of transfusion or organ transplantation.
Furthermore, many studies reported the association of blood type with a certain
disease, especially in the distinction between blood group O and non-O. The non-O
blood type has been reported to be associated with several diseases, including car-
diovascular disorders, and the incidence of venous thromboembolism (VTE). The
first observation on the association between ABO blood type and VTE was made in
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1963 by Dick et al. who found a statistically significant predominance of group A in
461 VTE patients [2-5].

The non-0O blood group was at higher risk of thromboembolism due to higher
levels of von Willebrand factor (VWF) and factor VIII (FVIII). The rate of proteo-
lytic clearance of VWF by a disintegrin-like and metalloprotease with thrombos-
pondin type 1 motif, 13 (ADAMTS-13) was relatively lower in plasma of the non-O
blood group, resulting in a longer VWF half-life in the non-O plasma group than in
the O plasma group. As a result, VWF levels were 25-30% higher in non-O group
plasma than in group O plasma. High levels of VWF in non-O plasma always lead
to increased FVIII levels due to the physiological role of VWF as carriers of FVIII
and protecting it from the proteolytic effects of ADAMTS-13. Higher VWF and
FVIII levels in subjects with non-O blood groups were strongly correlated with an
increased risk of venous thrombosis, a situation that led to non-O blood type being
assessed as a genetic risk factor for venous thromboembolism [6].

Wau et al. result in a meta-analysis study of the association between the ABO
blood group and vascular disease, the combined odds ratio of the 21 studies analyz-
ing VTE was 1.79 (95% CI, 1.56-2.05) for the non-O versus O group. In three studies
in which blood type genotypes were performed, the combination A1 A1/A1 B/BB
gave an odds ratio of 2.44 (95% CI 1.79-3.33), while the odds ratio for A1 O/BO/A2
B was 2.11 (95% CI 1.66-2.68), suggesting that the risk is related to the expression
of the O(H) antigen [7].

These results are similar to the study of Spiezia et al. in a retrospective case—con-
trol study conducted on Italian patients with DVT and controls, which found that
non-O blood group increased the risk of DVT by 2.2-fold than individuals with
group O. An up to the 7-fold increased risk of VTE was observed when the condi-
tion inherited thrombophilic (factor V Leiden, prothrombin G20210A mutations,
antithrombin, protein C and protein S deficiency) were associated with non-O
blood group carriers compared with non-thrombophilic group-O carriers [4].

The data presented by Spiezia et al. cautioned that the high prevalence of non-O
blood type in the general population appears to be one of the most important
genetic risk factors for venous thrombosis. Like inherited thrombopbhilic factors
(i.e., factor V Leiden and the prothrombin G20210A mutation), non-O blood types
are responsible for a moderate increase in the risk of VTE, and, therefore, ABO
blood group testing is recommended in individuals with thrombophilia to assess
risk thrombotic [7].

2. ABO blood group

The ABO blood group system was discovered by Landsteiner in 1900. A few years
later, von Decastello and Sturly discovered the AB type. Landsteiner’s rule stipulates that
normal individuals have ABO antibodies against an antigen not found on red blood cells.
Individuals with blood type A have A antigens, do not have B antigens, therefore these
individuals have B antibodies. On the other hand, individuals with blood group B have B
antigens, do not have A antigens, therefore they have A antibodies. The four phenotypes
were derived from the two main antigens (A and B) of the system. The phenotypes are
group A, group B, group AB, and group O. Individuals with blood type AB means they
have A, B antigens and do not have antibodies against A, B antigens. On the other hand,
individuals with blood type O have antibodies against antigens A, B and do not have
antigens A, B [1]. This classification is important for the sake of blood transfusions that
must meet certain requirements.

The A and B alleles are located on chromosome 9 at the ABO locus, encoding
the A- and B glycosyltransferase enzymes. ABO antigens can be found on blood
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cells, lymphocytes, platelets, most epithelial and endothelial cells, and organs such
as the kidneys. Soluble forms of antigen can be synthesized and secreted by tissue
cells. Soluble antigens can be detected in all body fluids except cerebrospinal fluid.
The ABO antigen attached to red blood cells is in the form of glycolipid molecules
or glycoproteins, while the main soluble form is the glycoprotein form. Discussion
of the ABO antigen requires an understanding of the H antigen. The H gene is
located on a different chromosome from the ABO genetic locus and plays a role in
controlling the production of H antigen. In addition to the ABO and H genes, the
expression of soluble ABO antigens is influenced by the inheritance of the Se gene.
The Se gene genetically influences the formation of ABO antigens in saliva, tears,
and other body fluids. Consequently, the occurrence and location of ABO antigens
are influenced by three genetically independent loci: ABO, H, and Se [1].

The antigen-building block structure for A, B, and H antigens is an oligo-
saccharide chain attached to a carrier molecule either a protein or lipid. The
oligosaccharide chain comprises four sugar molecules linked in simple linear
forms or complex branched structures. The two-terminal sugars, d-galactose and
N-acetylglucosamine, are coupled in two different configurations. When carbon
number 1 of d-galactose is coupled with carbon number 3 of N-acetylglucosamine,
the bond is symbolized as 1 — 3. When the number 1 carbon of d-galactose is
coupled with the number 4 carbon of N-acetylglucosamine, the bond is described as
p1 — 4. The structure of p1 — 4 is associated primarily with glycolipids and glyco-
proteins on the red cell membrane, the structure of 1 — 3 is located in body fluids
and secretions [1].

This transferase catalyzes the addition of certain sugar residues so that the core
structure of the H glycan precursor is converted to antigen A (GalNAc1 — 3
[Fuc1— 2] Galp 1 — 4 GIcNAc 1—), or antigen B (Gal 1-3 [Fuc 1-2] Galp 1-4
GlcNAc 1-). As aresult, the A and B structures are differentiated based on a single
terminal sugar (N-acetylgalactosamine versus D-galactose respectively). Individual
O groups lack A- or B-transferase activity result from the inactivation of the Al
glycosyltransferase gene, and the nonreducing ends of the corresponding glycans,
and therefore continue to express the basic structure of the glycan H (Fuc 1-2] Galp
1-4 GlcNAc 1-) at the ends of their oligosaccharide chains [8, 9]. Individuals who
synthesize determinant A exclusively have blood type A and have genotypes AA or
AQ, individuals with blood group B are BB or BO, and individuals expressing one
allele A and one B have genotype AB. Individuals with blood type O expressing
inactive glycosyltransferase A/B have genotype OO. They express only the H antigen.
In terms of nomenclature, blood group O includes the H antigen and sometimes the
term ABO(H) is used [10].

3. Thromboembolic diseases

Venous and arterial thrombotic disorders have different pathophysiological
entities, as a result of anatomical differences and different clinical presentations. In
particular, arterial thrombosis results from the phenomenon of platelet activation,
whereas venous thrombosis is largely a matter of activation of the clotting system [1].

There are fundamental pathophysiological differences between arterial and
venous thrombus. Arterial thrombi which are happened in small arteries and
arterioles are occlusive. Thrombus that occurs in the ventricles of the heart and the
great arteries and the aorta, the common carotid artery is nonocclusive. Arterial
thrombus is formed in response to increased local shear and exposure to thrombo-
genic material in damaged vessels, occurs in high-pressure and high-flow systems.
Arterial thrombus, referred to as white thrombus, due to consists mainly of
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platelets and a small amount of fibrin or red blood cells. Leukocytes are also actively
recruited to platelet-rich arterial thrombi [11].

The differences from a clinical point of view are as follows: (1) hereditary
hypercoagulation (occurs in the “thrombophilia” state), characterized by chronic
hyperactivation of the coagulation system, this condition mainly associated with
venous rather than arterial thrombosis; and (2) anticoagulant agents (e.g., heparin,
warfarin) are usually used to prevent venous thrombosis, whereas antiplatelet
agents (e.g., aspirin) are used to prevent arterial thrombosis. In both types of
thrombus consists of platelets, fibrin, erythrocytes, and leukocytes with different
compositions. Moreover, all thrombi are undergoing propagation, organization,
embolization, lysis, and thrombosis, and this dynamic remodeling results in a
changing composition [11].

3.1 Arterial thromboembolism

Rudolph Virchow describes three conditions that induce thrombosis, called
the Virchow triad. This triad includes endothelial injury, blood flow stasis or
turbulence, and blood hypercoagulability. Abnormalities of one or more of these
conditions more often manifest the occurrence of DVT. DVT after trauma is more
common in conditions of stasis and endothelial injury while spontaneous DVT
is more common in cases of hypercoagulability. Risk factors can be classified as
acquired or genetic. Genetic risk factors can be divided into strong, moderate, and
weak factors. Strong risk factors include deficiency of antithrombin, protein C
and protein S. Moderate risk factors include factor V Leiden, prothrombin 20210A,
non-O blood type, and fibrinogen 10034C > T. Weak genetic risk factors include
fibrinogen variants, factor XIII, and factor XI [11, 12].

Normal wall shear rates range from 300 to 800/s in the large arteries and increase
to about 500 to 1600/s in the arterial of microcirculation. However, in pathologi-
cal stenotic vessels, the wall shear rate can be up to 10,000/s or even higher. The
increased shear stress in the microenvironment of the atherosclerotic plaque area of
the stenotic vessel is exacerbated by turbulent blood flow. This high hemodynamic
force can activate platelets as they pass through the region. This abnormal flow can
cause local endothelial dysfunction. High shear stress, especially with a marked
shear gradient around the site of the stenosis, is sufficient to induce VWF from
endothelial cells and binding of VWF to platelets via glycoprotein Ib-V-IX. This
interaction does not occur in normal circulation, result mediating platelet adhesion
to the intima surface and triggering platelet thrombus formation [11].

Heterogeneity is seen in the composition of atherothrombotic plaques, even
within the same individual. In addition to plaque composition, differences in the
basic structural features of the arteries contribute to differences in thrombogenic
substrates. For example, the carotid and iliac arteries contain relatively more elastic
fibers and proportionately fewer smooth muscle cells than the coronary arteries.
Therefore, coronary artery thrombosis usually results in slightly stenotic, lipid-
rich plaque, whereas carotid artery usually results in severe stenotic and high-risk

plaque [11].
3.2 Venous thromboembolism (VTE)

Venous thrombi are formed mainly from fibrin and red blood cells. Thrombogenic
stimulation is caused by (1) stasis of veins, (2) activation of clotting factors, and (3)
vascular damage. Anti-thrombogenic properties through mechanisms (1) inactiva-
tion of activated coagulation factors by natural inhibitors such as antithrombin and
activated protein C, (2) elimination of activated coagulation factors and soluble fibrin
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polymer complexes by mononuclear phagocytic cells and liver, and (3) lysis of fibrin
by enzymes fibrinolytic from plasma and endothelial cells [11].

In the adult group, the predisposition factors to VTE are increasing age, cancer,
prolonged immobilization, stroke or paralysis, varicose veins, prolonged air travel,
acute inflammatory bowel disease, rheumatic disease, and nephrotic syndrome, oral
contraceptive pills, especially those containing third-generation progestins. In the
pediatric group, the risk factors for thromboembolism are central venous lines,
cancer, and chemotherapy [13].

Venous thrombi are almost always occlusive and can form casts of the vessels in
which they arise. Unlike arterial thrombus, severe vascular damage is generally not
found at the site of venous thrombosis. Therefore, in low-flow and low-pressure
venous systems, decreased blood flow (stasis) and systemic activation of the coagu-
lation cascade play a major pathophysiological role. Venous thrombi consist mostly
of red blood cells trapped in fibrin and contain relatively few platelets; hence, they
have been described pathologically as red thrombi [11].

The study of Sun et al. in 1412 patients with VTE (consisting of 600 DVT
patients, 441 PE patients, and 371 patients having a diagnosis of DVT and PE) and
199,248 controls the results of VTE patients were significantly higher in the non-O
blood group compared to all non-VTE discharge patients with OR 1.362 (95% con-
fidence interval, 1.205-1.540). When the non-O group was classified into A, B, and
AB and a pairwise comparison test was performed on VTE and non-VTE patients,
the results were not statistically different [14].

4. The relation of ABO blood group and thromboembolic diseases

ABO blood group has been recognized as a risk factor for thromboembolic
diseases since the 1960s. Many studies have shown that the non-O group had a
higher incidence of ischemic heart disease. ABO blood type is important in rela-
tion to VWF and FVII levels because in turn confer a clear risk of increased VTE
especially in non-O blood groups which provide a higher increase. This association
is less clear for CAD and MI but a similar pattern emerges with most studies finding
group O to be at lower risk [15].

The Framingham Heart Study, and others, resulted in blood group A having
an increased risk of CAD [16-18] and MI [19]. More specifically, blood type A is
associated with early detection of CAD [19, 20] and predominates in patients with
MI [21]. Another study reported that groups B [22, 23] or AB [24] had a higher
incidence of CAD. In contrast, Mitchell [25] reported that cities with a higher
prevalence of group O had higher rates of cardiovascular mortality and a study in
India showed that blood type O increased the risk of CAD [26]. Further studies did
not identify any association between blood type and CAD [27, 28]. Based on these
inconsistent results, He et al. [29] conducted a meta-analysis found the highest risk
of CAD was observed in blood group AB, followed by groups B, A, and O. This is
similar to ABO-associated vWF/FVII levels which the highest in group AB, followed
by groups B, A and O [18].

The theory proposed to explain the relationship between ABO blood group and
CAD is as follows. Fibrinogen together with vWF activates platelet aggregation and
adhesion which in turn plays a role in the development of atherosclerosis. On the
other hand, blood group A has been reported to have higher cholesterol levels and
lower lipoprotein density, this may explain the association with an increased risk of
CAD. In addition, ABO loci have been reported to be associated with inflammatory-
forming CAD, including intercellular adhesion molecule-1, soluble P selectin,
soluble E selectin, and tumor necrosis factor-a. Meanwhile, the interaction between
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genetic factors (genes known to increase susceptibility to CAD and the ABO locus)
and environmental factors still contribute to the risk of CAD and MI [15].

The incidence of VTE is more often due to factor VIII (FVIII) and von
Willebrand Factor (VWF) levels are higher in the non-O blood group than in the O
blood group. Moeller et al. comparing VWF and FVII levels in individuals with ABO
phenotype found the following order O < A < B < AB for vWF levelsand O < A < AB
< B for FVII levels [30]. Nevertheless, Simangunsong et al. found no significant dif-
ferences were present in factor VIII activity between A, B, and O blood types [31].

A blood type that is identical to high vWEF, is an important genetic factor that
explains around 30% of the variation in factor VIII levels. There is a relationship
between factor VIII and vWEF. However, attempts to find other genetic loci associated
with high vWF and factor VIII levels have not been successful to date. Most likely,
the high factor VIII levels are due to increased synthesis or decreased clearance of
the vWF-factor VIII complex [32]. Furthermore, non-O blood groups are associated
with increased arterial and venous thrombotic events possibly mediated by increased
levels of von Willebrand factor and factor VIII in non-O blood groups [33].

Meanwhile, several studies have confirmed that the level of vWF is lower in
people who have blood type O, therefore FVIII: C is reduced due to the stabilizing
function of vWF as an FVIII: C carrier. Factor VIII affinity for vWF may also differ
from individual to individual, which is genetically determined [30].

Blood group A is associated with an increased odds of major adverse cardiovas-
cular events (MACE), whereas blood group O was associated with a reduction in
the odds of MACE in patients with COVID19. These findings suggest an association
between blood group type and cardiovascular complications in COVID-19. The
biological mechanism behind the role of ABO blood groups in COVID-19 remains
elusive. Natural anti-glycan ABO antibodies have been shown to inhibit SARS-CoV1
interaction of spike protein and angiotensin-converting enzyme 2 (ACE2) [33].

In the cellular experimental model approach, it can be proven that the binding
of the SARS-CoV S protein with ACE2 on target cells can be blocked by anti-A
antibodies in the blood group, because the S protein is synthesized by A-antigen-
expressing cells, after transfection by cDNA glycosyltransferases. in accordance.
When produced in cells expressing blood type A or B enzymes, SARS virions are
decorated by appropriate glycan antigens, consequently, the presence of anti-A and
anti-B antibodies in blood type O individuals can block the attachment and entry
of the virus thereby preventing infection. Therefore, individuals with blood type
O will have a lower risk of infection than non-O individuals. This phenomenon
occurred during the 2003 Hong Kong SARS hospital outbreak, and a similar trend
was recently observed for COVID-19 in China, the infectious SARS virions are
decorated by glycan antigens corresponding to blood group A or B, and the pres-
ence of anti-A antibodies and anti-B in individuals with blood type O can prevent
infection by blocking the attachment and entry of the virus [34, 35].

Vasan study used data on 1.1 million healthy blood donors from the binational
database SCANDAT? (Scandinavian Donations and Transfusions), which contains
national data on blood donation and transfusion from Sweden and Denmark, to
investigate the association between ABO blood type and arterial thrombotic events.
or veins. And the results confirm that there is a consistent relationship between
non-O blood type and VTE and cardiovascular events, with a greater risk in the
venous. The proposed basic mechanisms driving this association include higher
concentrations of factor VIII and von Willebrand factor in individuals with non-O
blood types. This study provides strong evidence of a consistent relationship
between the non-O blood group and VTE, and the incidence of cardiovascular
thrombosis, with a greater risk of recurrence in non-O blood groups. Also, non-O
blood groups confer an increased risk of thromboembolism, ABO blood groups may

44



ABO Blood Group and Thromboembolic Diseases
DOI: http://dx.doi.org/10.5772/intechopen.102757

have a role in thrombosis risk assessment and could potentially be added to existing
clinical prediction systems [5].

Sickle cell disease or what is known as sickle cell trait (SCT) in individuals will
provide a risk of DVT even though it is weak. This potential risk will increase if the
patient has a non-O blood group. This combined effect will increase the activation
of clotting factors and increase the risk of DVT. Thus, caution should be exercised
in co-inheritance of non-O blood group and SCT, in which case it should be paid
attention to assess the risk profile of DVT in patients in Africa and other areas
where SCT is common [6].

Non-group O patients have susceptibility and greater risk of VTE than patients
of group O and have greater levels of von Willebrand factor (vWF) and factor VIII.
The risk of VTE is probably related to the level of vWF and factor VIII. A, B, and H
blood group antigens are expressed on N-glycans of VWF and influence the half-life
of the protein (10 hours for group O and 25 hours for non-O subjects), explaining
the greater levels in non-O patients [8].

In the report of Rejté et al. who investigated the effect of ABO, VWF level, age
on the variability of F VIII levels in 8 patients non-severe Hemophilia A results that
ABO and VWF levels did not influence the variability of FVIII levels, whereas age
had only a small influenced [36].

The coagulation process is under the control of several inhibitors which limit
clot formation. A balance between procoagulants and anticoagulants is necessary
for maintaining hemostasis. A thrombus is formed as a result of a disturbance in
this balance. Thrombus is formed when the procoagulant activity of one of the
coagulation factors is increased or the activity of one of the natural inhibitors is
decreased, a condition called thrombophilia can occur in inherited deficiency of
natural inhibitors, as well as with inherited gain-of-function mutations of some
coagulation factors. The deficiency of natural inhibitors such as antithrombin,
protein C and inherited protein S is a strong risk factor for venous thrombosis; they
have little or no effect on arterial thrombosis. Antithrombin directly inhibits several
activated coagulation factors, notably thrombin, and activated factor X, and the
inhibitory effect is amplified by its binding to glycosaminoglycans on the endothe-
lial surface carrying heparin-like activity. The effect of increasing the tendency for
clot formation is especially in the venous system where the coagulation pathway
(different from that of platelets) plays a major role. The anticoagulant protein C
on the surface of the endothelium is very important in the down-regulation of
thrombin formation. Activated protein C inactivates factor Va and factor VIIla
proteolytically, the two most important activated cofactors of the coagulation
cascade, causing a slowdown in the rates of thrombin and fibrin formation. The
inhibitory effect of activated protein C is accelerated by its main cofactor, protein S.
Inherited deficiency of one of these inhibitors leads to increased thrombin forma-
tion, increasing susceptibility to VTE [37].

Ahmed et al. hypothesized that if Sickle Cell Trait was a risk factor for DVT,
individuals with non-O blood group and SCT (Hb AS) would have a higher risk
of DVT than those with non-O blood group and normal hemoglobin (Hb AA)
phenotype. The results of this study indicate that SCT itself is a weak risk factor
for DVT, but would have the potential to increase the risk of DVT in patients with
non-O blood groups. Therefore, co-inheritance of SCT and non-O blood groups is
an important risk factor for DVT [6].

The study of Vasan et al. results almost in all age groups, the incidence of VTEs
and cardiovascular events is higher in non-O than O blood groups. The incidence
rate ratio (IRR) was highest for the venous events, with all venous thrombotic
events combined for individuals with non-O blood group compared with blood
group O having an IRR of 1.80 (95% CI, 1.71-1.88). The risk patterns were similar
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for pulmonary embolism and deep vein thrombosis. Among arterial events, IRRs
were generally lower with IRRs of 1.10 (95% CI, 1.05-1.14) for myocardial infarc-
tion and 1.07 (95% CI, 1.02-1.12) for stroke in individuals in non-O blood groups
compared with those in blood group O [5].

5. Summary

ABO blood type is associated with the risk of thromboembolic diseases. Non-O
blood type has a greater risk than O blood type. Thromboembolic events occur in
both arteries and venous, which are venous more often, one of the causes is FVIII
and VWF clearance in non-O blood groups are longer, results found high levels of
both in the non-O blood group. While the manifestation of arterial thromboem-
bolism commonly happened in cardiovascular diseases including coronary arterial
disease and myocardial infarct.
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Chapter 4

Duffy Antigens and Malaria: The
African Experience

Chima Akunwata

Abstract

The Duffy blood group antigen is also known as Duffy Antigen Receptor
for Chemokines (DARC) serves more functions than just a blood group antigen
for serological reactions. It is a receptor for pro-inflammatory chemokines and
Plasmodium vivax invasion of the red blood cells. A point mutation in the promoter
region of the Duffy gene disrupts the binding of a transcription factor, leading to a
lack of expression of the antigen on the erythrocytes. This Duffy negative pheno-
type is found predominantly in the African population. This mutation is advanta-
geous as individuals with the Fy(a-b-) phenotype are less susceptible to P. vivax
malaria. Malaria is caused by plasmodium parasites and it is endemic in Africa,
where it is one of the leading causes of morbidity and mortality. It is believed that
the absence of Duffy antigen in most Africans contributed to the resistance to P
vivax and by extension, reduced the burden of malaria in these endemic areas.

Keywords: Duffy antigen, DARC, Duffy-negative, P, vivax, malaria, Africa

1. Introduction

The red blood cell membranes have numerous antigenic determinants—
carbohydrates, proteins, or the combination of the two, the knowledge of which has
been employed in immunohematology in the provision of safe blood. These inher-
ited however, may subserve other physiological functions or be involved in many
pathological conditions or disease susceptibility [1, 2].

Duffy blood group system is important in clinical medicine where it may be
involved in transfusion reaction, hemolytic disease of the fetus and newborn
(HDFN), and as chemokine receptors. More importantly, it determines suscep-
tibility to Plasmodium vivax infection. The absence of the antigens in red blood
cells of Africans provides an apparent explanation for the protection against the
parasite [3].

Malaria is endemic in the tropics, but the susceptibilities to infection are not
the same. The African populations are largely resistant to 2. vivax and P. knowlesi
infections due to the absence of the Duffy antigen, a critical receptor in the invasion
of human host red cells by these species of malaria parasite [4, 5].

This chapter serves as a synopsis of the Duffy antigen and malaria infection.

It presented the history of the discovery of Duffy antigens, their gene, protein,
antibodies, and functions. The selective pressure of malaria on the Duffy gene and
mutation that led to a protective phenotype against the P. vivax malaria infection in
Africa were discussed.
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2. Duffy blood group system

Duffy blood group was first described in 1950 by Cutbush in a multiply
transfused hemophilic patient [6, 7]. The alloantibody against the antigen was
designated as Fy®. The antibody was named after the patient. A year later, another
antibody was described in the serum of a multiparous woman and was desig-
nated anti-Fyb. Duffy antigen maps to the long arm of chromosome 1 at position
1q22 — q23 while the RH gene is the short arm of the same chromosome [8]. The
significance of the co-location of these genes on the same chromosome is that their
interaction produced the Fy5 antigen as red cell from individuals with Fy(a-b-) and
the Rh,, phenotype lack this antigen [9].

2.1 Duffy antigen

Duffy antigen is a glycoprotein. It is also known as the Duffy antigen recep-
tor for chemokines (DARC). It is a seven-transmembrane helix receptor with the
N-terminus in the extracellular domain while the C-terminus forms the intracel-
lular domain (Figure 1) [10]. It has a structural similarity with G-protein-coupled
receptor but is not a member of this family [11, 12]. There are six known Duffy
antigens—Fy?, Fy”, Fy’, Fy", Fy’, Fy® and four phenotypic expressions—Fy(a+b+),
Fy(a-b+), Fy(a+b-), and Fy(a-b-) as shown in Tables 1 and 2 respectively. The most
common antigens are Fy* and Fy”. The Fy* antigen results from the weak expression
of Fy®, is found in whites and is due to a single mutation in the FYB gene. The Duffy
null phenotype Fy(a-b-) occurs in about two-thirds of the black population, while
it is rare in Caucasians. The genetic basis of this null phenotype is distinct in these
populations (see genetic basis below).

Duffy antigen is a receptor for chemokines in the C-X-C class (e.g., interleukin-8
(IL-8) and C-C class (e.g., MCP-T). The physiological function of this receptor is
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Figure 1.

Duffy glycoprotein seven-transmembrane domain structure. Amino acid changes responsible for the Fya/Fyb
polymorphism, the Fy* mutation, and Fy3 and Fy6 regions [10].
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Antigen ISBT symbol ISBT number
Fya FY1 008001
Fyb FY2 008002
Fy3 FY3 008003
Fy4 Fy4 008004
Fy5 FY5 008005
Fy6 FY6 008006

ISBT—International Society of Blood Transfusion.

Table 1.
The Duffy antigens and ISBT symbols and numbers.

Prevalence %
Red cell phenotype Caucasians Blacks Alleles
Fy(a+b-) 20 10 FY*01/FY*01 or FY'A/FY"A
Fy(a-b+) 32 20 FY*02/FY*02 or FY*B/FY*B
Fy(a+b+) 48 3 FY*A/FY*B
Fy(a-b-) Rare 67 FY*/N.01-05, FY*/N.01-02
Fy’ 100 32
Fy’ 99.9 32
Fy® 100 32

Table 2.

Duffy phenotypes, prevalence and alleles.

to modulate the blood-tissue gradient of these cytokines during immune responses
[13]. The red blood cells through the DARC receptors act as adsorption surfaces or
as chemokine scavengers for inflammatory cytokines such as IL-8, thereby elimi-
nating excess chemokines during immune responses. Duffy antigens are express on
epithelial cells of capillary and post-capillary venules, epithelial cells of the kidney
collecting ducts, lung alveoli, and Purkinje, cells of the cerebellum.

2.2 Duffy antibodies

The Duffy antibodies are rarely naturally occurring. Anti-Fy®* and anti—Fyb are
IgG antibodies in the IgG1 subclass [14]. They result from sensitization after trans-
fusion or pregnancy. Anti-Fy® is more frequently encountered than Anti-Fy”. In the
black population with Fy(a-b-) phenotype anti-Fy* is produced but not anti-Fy".
Contrastingly, white individuals with rare Fy(a-b-) produce anti—Fy3 . Anti—Fyg s —Fy4,
—Fys, have been described but no human anti—Fy6 has been identified but a mouse
monoclonal antibody has been raised against Fy® epitope.

3. Genetic basis and biochemistry of Duffy antigen

The gene, ACKR1 also known as DARC or FY, that encodes the Duffy blood
group antigens is located at chromosome 1q23.2. The two allelic forms FYA and
FYB differ by a single nucleotide at position c.125G>A and define the Fy(a+b-),
Fy(a-b+), and Fy(a+b+). The gene products differ by a single amino acid at residue
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42—glycine and aspartic acid respectively [3]. The Fy(a-b-) phenotypes (Duffy
negative) seen in many Africans, African Americans, and some European and
Asians result from two genetic mechanisms. The most common mutation occurs in
the promoter region of the FYB allele, where a point mutation c.1-67T>C prevents
expression of the antigen on the red blood cells but allows expression on other
tissues. This is an erythroid-specific mutation and it is commoner in Africans. A
similar mutation has been found FYA allele but, it is rarer [8].

In Europeans and Asians, Fy(a-b-) phenotype arises from a mutation in the
coding region (a point mutation introduces a premature stop codon) of the FYA or
FYB allele preventing the antigen expression in all tissues. These are true Duffy null
phenotypes.

4, Malaria

Malaria remains a major public health problem in tropical and subtropical areas
of the world. It is one of the major causes of childhood mortality and an indirect
cause of maternal mortality [15].

It is a mosquito-borne disease. The parasite responsible for malaria belongs to
the genus Plasmodium. The most common species causing human infections include
P, falciparum which causes malignant tertian malaria, P, vivax, benign tertian
malaria, P, ovale benign tertian, P. malariae benign quartan and P. knowlesi quotid-
ian malaria. The lifecycle of the Plasmodium spp. is complex with the sexual phase
occurring in the mosquito vector (Anopheles genus) and the asexual phase in the
human host [16]. Infected female Anopheles mosquitoes inject sporozoites into the
human host during a blood meal. The sporozoites gain access to the hepatocytes
within 30-60 min where they form merozoites through asexual reproduction. These
merozoites are released into the bloodstream where they parasitize and replicate
with the red blood cells (erythrocytic schizogony). Some merozoites differentiate
into male and female gametocytes that are ingested by the mosquitoes in the next
blood meal. The gametocytes produce sporozoites to continue the cycle [17].

The severity of Plasmodium infection depends on the species and the host
immunity which is the function of previous exposures [17]. P. vivax infection usu-
ally causes uncomplicated malaria, although severe forms have been reported while
P, falciparum causes severe malaria. Malaria infection usually presents with fever,
abdominal discomfort, headache, joint aches, muscle aches, abdominal discomfort,
vomiting, lethargy, anorexia [18]. One of the defining characteristics of P, vivax
infection is the dormant liver stage (hypnozoites) it forms which reactivates weeks
to months after initial infection [19]. Malaria infection is associated with complica-
tions such as splenomegaly, thrombocytopenia, derangements in liver enzymes
such as raised alanine aminotransferase (ALT), jaundice, renal failure, ARDS, and
cerebral malaria [20]. Although P. vivax infection is generally benign, it could have
these complications similar to P, falciparum malaria.

4.1 Epidemiology

Plasmodium falciparum and P, vivax are the most common causes of malaria
accounting for an estimated 229 million cases in 2019 in 87 endemic countries. Of
these cases, 97% are found in Africa especially in sub-Saharan (SSA), and esti-
mated malaria-related deaths of 409,000. Most of these deaths are in Africa, with
children aged under 5 being disproportionately affected [15]. The most prevalent
Plasmodium parasite outside Africa is P vivax responsible for about 6 million cases
[21, 22]. P, vivax is the most widely distributed plasmodium species putting over
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Figure 2.
The mean estimated clinical burdens of P. vivax malaria. Shades of blue color show very low clinical burden to
red with high clinical burden [23].

4 billion people at risk of infection. Transmission has been reported in the Horn

of Africa, Central and South American, Asia, and Pacific Islands [19]. The largest
burden of P, vivax malaria occurs in the Indian subcontinent and the horn of Africa.
The sub-Saharan Africa has a very low prevalence (Figure 2) [23].

Due to the high prevalence of Duffy negative phenotype in the sub-Saharan
African, (SSA) there is a relative absence of P. vivax malaria infection. However,
evidence is accumulating that there are P. vivax malaria infections in SSA occurring
at lower prevalence [21, 24]. A prevalence of 2.9% was found in a nationwide survey
in the Democratic Republic of Congo [21], a seroprevalence of 15.2% was found in
Beninese blood donors [25].

4.2 Malaria adaptation and selective pressure

Malaria is known to be a major driving force in evolutionary selection in the human
genome [26, 27]. The ethnic differences in susceptibility to malaria infection, the pro-
tective effects of G6PD deficiency, thalassemia, and hemoglobin C on severe malaria
infection have been linked to this selective pressure. Malaria may also modulate genes
involved in immunity inflammation, cell adhesion [26]. There is a strong correlation
between the prevalence of negative FYA and FYB alleles, consequently the absence of
the Duffy antigens on the endemicity for P, vivax. The Duffy negative phenotype was
found to be due to a single nucleotide polymorphism in the promoter region leading to
disruption of the binding site for GATA-1 erythroid transcription factor and resistance
to P, vivax invasion of erythrocytes [28]. GATA-1 is one of the nuclear transcription
factors in the GATA hemopoietic subfamily. It contributes to erythroid commitment
and differentiation [29]. GATA-1 recognizes and binds to GATA consensus binding
motif on the Duffy gene. As demonstrated by Tournamille et al., a point mutation
on the DARC promoter (CTTATCT — CTTACCT) affects the interaction with the
transcription factor [28]. This single nucleotide change from T to C found only in the
Duffy-negative genome abolishes or disrupts the binding of GATA-1 to the DARC
promoter leading to the absence of Duffy antigen on their red cell membranes [30].

4.3 Mechanism of P, vivax invasion of red blood cells
Malaria parasites exhibit different red cell tropisms. P, vivax merozoites prefer-

entially bind to reticulocytes than normocytes. The invasion of red blood cells by
P, vivax depends on the membrane glycoprotein of the Duffy blood group system.
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The P, vivax merozoites express a protein on their surface, P. vivax binding protein
(PvDBP) through which they interact with the Duffy antigen [31]. The PvDBP

is a 140KD protein with a 330-amino acid cysteine-rich region responsible for

this interaction. The merozoite of P. vivax is able to re-orient its apical surface in
apposition to both Duffy-positive and Duffy-negative red cell membranes [32, 33].

Duffy positive
Merozoite-RBC
junction is formed

Duffy negative
Merozoite-RBC
junction not formed

Release of
microneme and
rhopteries contents
and invagination of
red cell membrane

Merozoite invasion
of the red cell

membrane

Figure 3.
Overview of P, vivax merozoite interaction with the human red blood cell. Red blood cells without the Duffy
antigen ave vesistant to invasion by P. vivax [31].

NH, (1)

< IL8, MGSA
= y:g(‘ RANTES, MCP-1

F

¢ 3

COOH
(338)

Figure 4.
Duffy glycoprotein showing different interaction sites for the P. vivax and the chemokines [11].
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However, the tight junction is not formed between the merozoite and the Duffy-
negative red blood cells, suggesting that the Duffy antigen is necessary for the
invasion of the red blood cells by the parasite (Figure 3) [31].

Consequently, Duffy-negative erythrocytes do not bind to P. vivax merozoites [34].
Unlike P, falciparum which uses a series of receptors to invade the red cells, P vivax
requires the antigens of the Duffy blood system to invade the red blood cells (Figure 4)
[11]. Thus, in African populations where most have the Fy(a-b-) phenotype, invasion
is uncommon. Recently, however, invasion of red cells has been reported in Duffy
negative individuals, this suggests that there may be other targets used by the parasite
[35]. Susceptibility to P vivax infection has also been shown to exhibit a dosage effect.
This means that there are twice as many Fy* antigens on RBCs from an individual who
is homozygous for the Fya allele than on RBCs from an individual who is heterozygous.
Consequently, in some populations, carriers of the Fy(a-b+) or Fy(a+b-) have half
of the Duffy antigen and reduced ability for their red blood cells to be infected by P
vivax [36]. The implication of P. vivax preference of parasitizing reticulocytes is that in
African populations, where sickle cell anemia and glucose-6-phosphate dehydrogenase
deficiency are endemic, and reticulocytosis is a common finding in these disorders due
to recurrent hemolytic anemia, a P vivax infection would have been added burden to
the mortality and morbidity already caused by P. falciparum.

5. Conclusion

Earlier discoveries of the red cell antigens and their antibodies helped provide safe
blood for transfusion. In addition to its roles in transfusion medicine, Duffy antigen
acts as a receptor for the P vivax malaria parasite and as a receptor for chemokines.
The fortuitous mutation that resulted in less susceptibility to the parasite in the African

population led to relieving the burdens that would have resulted in synergistic infection
with P, falciparum infection which already cause significant mortality and morbidity.
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Chapter 5

Blood Groups: More than
Inheritance of Antigenic
Substances - Susceptibility to
Some Diseases

Williams Bitty Azachi and Kuschak Mathias Dakop

Abstract

Blood group antigens represent polymorphic traits inherited among individuals
and populations. The objective of this chapter is to review articles that have reported;
the association between blood group antigens and susceptibility to some diseases.
Findings showed that O blood group had a greater frequency of severe infections
such as E coli, cholera and blood group A was associated with incidence of smallpox
and some bacterial infections. These are principally based on presence or absence of
“H-like” and “A and B-like” antigens markers. Antigens A, B and H are connected to
N-glycans of vWF and reduces the half-life of the protein (10 hours) for group O while
non-O groups, 25 hours. The loss of A, B, and H antigens as malignancy progresses
was linked to potential metastasis. Similarly, some tumors have A or A-like antigens
this explains the propensity of group A to develop tumors. Blood type incompatibility
between mother and foetus sensitizes the mother to develop alloantibodies that could
potentially cause death of the foetus in utero, a condition known hydrops. Reviewed
articles have reported close link between blood group antigens and susceptibility
diseases. More studies are required to rationalize the mechanism associated to this.

Keywords: blood group antigen, susceptible, disease

1. Introduction

Human blood groups since discovery in 1901 by Landsteiner have been widely
studied and characterized. A total of 34 blood group systems have been recognized
and documented by the International Society for Blood Transfusion (ISBT) [1, 2].
Each system is a series of red cell antigens, determined either by a single genetic
locus or very closely linked loci. Alternative forms of a gene coding for red cell anti-
gens at a particular locus are called alleles and individuals may inherited identical or
non-identical alleles [3].

Many blood groups are receptors for toxins, parasites, and bacteria, where they
can facilitate colonization or invasion or evade host clearance mechanisms [4].
Associations between the blood type and disease have been studied since the early
1900s when researchers determined that antibodies and antigens are inherited.
However, due to lack of antigens of some blood groups, there have been some con-
tentious issues with the association between the ABO blood group and vulnerability
to certain infectious and non-infectious diseases [5].
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ISBT no Blood group system name Blood group symbol Chromosome
001 ABO ABO 9
002 MNS MNS 4
003 P P1 22
004 Rh RH 1
005 Lutheran LU 19
006 Kell KEL 7
007 Lewis LE 19
008 Duffy FY 1
009 Kidd JK 18
010 Diego DI 17
011 Yt or Cartwright YT 7
012 XG XG X
013 Scianna SC 1
014 Dombrock DO 12
015 Colton Cco 7
016 Landsteiner-Weiner LW 19
017 Chido/Rogers CH/RG 6
018 Hh/Bombay H 199
019 Kx XK X
020 Gerbich GE 2
021 Cromer CROM 1
022 Knops KN 1
023 Indian IN 1
024 Ok OK 19
025 Raph MER2 11
026 JMH JMH 6
027 Li I 6
028 Globoside GLOB 3
029 GIL GIL 9
030 Rh-associated glycoprotein RHAG 6

IBST: International Society of Blood Transfusion, NO: Number.

Table 1.
Blood group systems recognized by the International Society of Blood Transfusion.

Fung et al. [1] (Table1) gives blood group antigens characterized by ISBT.

2. ABO antigens linked to some diseases
2.1 Infectious disease
ABO gene products have been associated with some diseases [6-8]. The human

body defense integrity against certain infections is characteristic of the presence
or absence of blood group antigens and their corresponding antibodies. More so,
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data have shown that peptic ulceration was the first proven association to blood
group gene products [9, 10]. H pylori is now known to be a causative agent leading
to peptic ulceration and gastric cancer. H pylori has established colonies in the
stomach of approximately one-half the world’s population [11].

Red blood cell surface markers act as receptors for attachment to infectious
agents and result in vulnerability difference among individuals with diverse
receptor profile [12]. Some pathogens share genetic properties with their host.
The relationship between ABO antigens and infections as vibrio cholera was
discovered by early studies [12]. Major variations in ABO groups in the world
were due to H-like antigen on the bacterium (Vibrio cholera) and an A-like antigen
on Small pox virus [13]. This confers resistance status to people who make cor-
responding antibodies to H and A antigens [8]. Once a person gets infected with
Cholera (Vibrio cholera strain O 1, E 1, Tor and O 139), the O blood types have
a greater frequency of severe infections than the non-O blood types. Increased
incidence of cholera is strongly associated to blood group O whereas, blood group
A is strongly associated to smallpox, Pseudomoniasis, gonorrhea, tuberculosis
and streptococcus pneumoniae, Escherichia coli and Salmonellosis. Blood type AB is
linked to increased incidence of small pox, E. coli and Salmonellosis. Principally,
these are associated to the presence of H antigen on group O and anti-H on group
Aand B [8].

The GI expresses Lewis and ABH antigens which is strongly linked to vulner-
ability of norovirus infection. People known as non-secretors are susceptible to
infections caused by Haemophilus influenzae, Neisseria meningitides, Streptococcus
pneumoniae and UTI caused by E. coli. ABO blood type is connected to peptic
ulcer. The blood type O is highly susceptible to peptic ulcer than other blood type.
Helicobacter pylori has been implicated to peptic ulcer similarly, H. pylori attach-
ment to the human gastric mucosa was mediated by the H type 1 and Le b fucosyl-
ated antigens. Soluble glycoproteins of Le b inhibit H. pylori binding of H. pylori.
This justifies the decreased infectivity commonly observed in the blood type A, B,
and AB compared to blood group O [14-16].

2.2 Coronavirus

The novel virus, COVID 19 caused by SARS-CoV-2 widely spread around the
globe is yet to be fully understood. Factors that influence susceptibility to the
disease are age, sex, comorbid chronic disease etc. ABO blood group may influ-
ence the susceptibility to COVID. Blood group A have been linked with significant
increase risk compared to blood group O due to like virus surface proteins. Blood
group O persons can easily recognize these proteins as foreign and by extension
confers lower chances to establish the disease [17]. Furthermore, anti-A inhibit
binds of glycosylated SARS-CoV S protein expressing cells to angiotensin -convert-
ing enzyme 2 on cell membrane thereby truncate the interaction between the virus
and its receptors, providing protection. Angiotensin converting enzyme activity is
much in blood group B. This explains the possibility non-O blood group have more
mortality [18, 19].

2.3 Coagulation
ABO blood types have been significantly linked to susceptibility to arterial
and venous thromboembolism. There is an association between ABO antigens

and the structural protein backbone of coagulation factors vWF and factor VIII
which affects coagulation. Hypercoagulable plasma potentially causes venous
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thromboembolism and is characteristically observed in non- group O individuals
due to higher levels of vWF. Von Willebrand factor is a large glycoprotein synthe-
sized by Weibel-palade components in the endothelial cells and alpha granules of
platelets. It is the carrier of factor VIII and plays a crucial role in plaletet adhesion
and aggregation. Blood group O people have lower levels of vWF due to lack of
additional carbohydrate to the terminal sugar. Moreso, plasma vWF is proteolyzed
by metalloprotease enzyme ADAMTS13. This is faster in group O than non-O
groups VVWE, thereby degrading FVIII levels. Group A, B and AB then have more
vWEF therefore increases FVIII levels [20].

2.4 Cardiovascular diseases

Blood group antigens do not cause cardiovascular diseases yet strongly linked
to influence susceptibility. The known primary causes of cardiovascular diseases
are genetic traits and life style among others. The ATP-binding cassette 2 genes are
located at locus 9934 which plays a significant role in cholesterol regulation. The H
antigen has a connection to the structural back bone of coagulation factors (vWF
and VIII) glycoproteins. This phenomenon explains greater risk non-O groups have
for ischemic heart disease [8, 21].

Preeclampsia is serious condition with leading cause of intrauterine growth
restrictions, maternal and foetal morbidity/mortality. Placental protein 13 is
galectin that binds to beta-galactoside (N-acetyl-galactosamine, galactose, and
fucose) linked to ABO antigens. This protein is observed in a pregnant woman with
preeclampsia at early onset [22].

2.5 Malignancy

There are numerous publications in literature that have reported strong associa-
tion between red cells antigens and some malignancies. ABH antigens are found
on epithelial cells of the GIT, prostate, lungs, breast, uterine cervix, mouth, and
bladder and their expression diminishes as malignancy progresses. Blood type
antigens play a crucial role in cell signaling, cell recognition and cell adhesion yet
these antigens are missing from the red cell membrane glycoprotein/glycolipids of
malignant cells. This has been linked to DNA methylation in the promoter region.
Blood group A gene in this case may inhibit transcription of the transferase enzyme
with resultant loss of A antigen [15, 23]. Factually, malignancy progression results
to loss of ABH antigens and potential metastasis of tumor cells. This phenomenon
complicates routine red cell typing. Some tumor cells have been observed to mimic
blood group A antigen markers giving group A person higher risk of disease pro-
gression than non-A blood groups [15]. It is important to note that blood group
antigens do not cause malignancy rather susceptibility.

3. Association of other blood types and diseases
3.1 Haemolytic disease of the foetus and new-born (HDFN)

Haemolytic disease of the foetus and new born is a major clinical disease
associated to Rhesus, Kell, Kidd and Duffy incompatibility between maternal
alloantibody (IgG) to foetal antigens with resultant hemolysis of foetal red cells
or suppression of the foetal red cell progenitors (commo with Kell system) [24].
Anti-D is the most implicated and severe form of HDFN, yet routine antenatal
anti-D prophylaxis has ameliorated it.
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3.2 Malaria

In western regions of Africa, it has been reported that individuals with
negative Duffy blood type are common and confers protection against malaria
caused by Plasmodium vivax. The resetting phenomenon commonly seen in parasit-
ized erythrocytes. Forming rosettes is significantly lower in O blood types than
blood group A red cells. It was observed that blood type A and B antigens are recep-
tors for resetting on uninfected erythrocytes [25]. Parasitized RBC express resetting
which helps us appreciate malaria pathogenesis. In blood group O, plasmodium
falciparum invades Rbcs and little rosette is formed yet unstable which binds to
uninfected Rbcs to form clusters of cells with resultant narrowing of vascular
system. Some gene products such as pfEMP-1 and RIFIN secreted by Rbcs and
parasite respectively have been implicated in ABO blood types and susceptibility to
malaria among non-group O individuals. This could probably explain the ABO type
commonly seen where malaria is prevalent.

4. Conclusion
It is fair to state that blood group antigens are not the primary cause of diseases
but are associated to susceptibility to some diseases. Blood group antigens play a

role as receptors or ligands to some disease processes. In general, non-O blood types
are more susceptible to diseases than O.
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Chapter 6
RH Groups

Amr J. Halawani

Abstract

In 1939, a mother gave birth to a stillborn baby and underwent blood transfusion
with ABO-matched blood from her husband. This resulted in a hemolytic transfusion
reaction (HTR). Levine and Stetson postulated that a novel antigen was present in
the baby and father, which was absent in the mother. Therefore, the mother’s immune
system recognized this antigen and produced antibodies against it. This condition
has been known as the hemolytic disease of the newborn for a long period of time.
Since the antenatal management of the fetus has been developed, the term has been
modified to hemolytic disease of the fetus and newborn (HDFN). This case led to the
discovery of the antibody against the first antigen of the RH blood group system, the D
antigen. To date, 56 antigens have been recognized within the RH blood group system.
The five main antigens are D, C, ¢, E, and e. As observed in the above-mentioned case,
the antibodies against these antigens are implicated in HTR and HDFN.

Keywords: RH, anti-D, hemolytic disease of the fetus and newborn, antenatal and
postnatal management, anti-D prophylaxis

1. Introduction

The RH blood group system is the most clinically significant blood group system
after the ABO blood group system. It is extremely polymorphic, and to date, 56
antigens have been identified and reported by the International Society of Blood
Transfusion [1]. The five main antigens of the RH blood group system are D, C, E,
¢, and e. Other antigens are represented in a combined form, including the ce or f
antigen. Some antigens are correlated to specific ethnicities; e.g., the VS antigen is
found in the Black population, which is a variant of the e antigen [2].

1.1 RH polypeptides

The antigens of the RH blood group system are encoded by two highly homolo-
gous genes, RHD and RHCE. The cDNA open reading frame of these 2 genes
encodes 417 amino acids for each of the RhD and RhCE polypeptides, with a shared
sequence identity of 92% (Figure 1). The difference between RhD and RhCE poly-
peptides is 32-35 amino acids, depending on which RHCE allele is inherited [RHce,
¢cE, Ce, and CE] [3]. The RhD and RhCE polypeptides traverse the membrane lipid
bilayer 12 times and form 6 extracellular loops, in which both NH, and COOH
termini are intracellular [4]. In addition, the RhD and RhCE proteins may actas a
possible CO, channel [5].

Normally, the RHD gene encodes for the D antigen, whereas the RHCE gene
encodes for the C, ¢, E, and e antigens. Eight possible haplotypes have been
identified, which vary from one population to another [6]. Table 1 displays these
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Figure 1.

The schematic diagram for the RH genes and their proteins. The RHD gene comprises 10 exons (blue boxes).
Two RH boxes, upstream and downstream, arve flanked by the RHD gene. The RHCE gene has the same
number of exons (red boxes), but it is in the opposite ovientation. The transmembrane 50A (TMEM50A) gene
is flanked by the RHD and RHCE genes, which are indicated by a green arrow. Each protein, RhD and RhCE,
traverses the red blood cell membrane 12 times forming 6 extracellular loops. On the RhCE protein, two amino
acid substitutions, Ser103Pro and Pro226Ala, are indicated in the second and fourth extracellular loops of the
RhCE protein. These gave rise to the antigenic polymorphism of the C/c and E/e antigens.

Haplotype English [7] Nigerian [8] Chinese [9] Saudi Arabian [10]

N=2000 N=274 N=4648 N=3563
Dce (Ro) 0.0257 0.5908 0.0334 0.0078
DCe (R;) 0.4205 0.0602 0.7298 0.4723
DcE (Ry) 0.1411 0.1151 0.1870 0.2736
DCE (Rz) 0.0024 0 0.0041 0.0051
dce (r) 0.3886 0.2028 0.0232 0.2410
dCe (r’) 0.0098 0.0311 0.0189 0
dcE (r”) 0.0119 0 0 0.0001
dCE (1) 0 0 0.0036 0

Table 1.

Frequencies of RH haplotypes in various ethnicities.

haplotypes along with the frequencies observed in different ethnicities. For instance,
Dce is the most common haplotype observed in individuals of African origin
compared with that observed in individuals from England and southwestern Saudi
Arabia [7, 8, 10]. By contrast, the Chinese population lacks the D haplotypes [9].

The RhD/RhCE polypeptide is accompanied by two Rh-associated glycoproteins
(RhAG) proteins. This association produces a trimer structure as a part of a mac-
rocomplex on the red blood cell membrane proteins [11]. RhAG resembles the RhD
and RhCE polypeptides with 36% identity and possesses glycosylation on the first
loop. By contrast, the RhD and RhCE polypeptides are not glycosylated [12, 13].

1.2 RHD polymorphisms

The D+ antigen and D- are always denoted as Rh+ and Rh—, respectively. The
presence of the D antigen in an individual means that their blood group is D+.
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However, a person who lacks this antigen is considered D— [14]. Normal D+ individu-
als have a contact RHD gene with 10 contact exons without any mutations or modifi-
cations, with RH boxes that flank the RHD gene from upstream and downstream [15]
(Figure 1). Regarding D— individuals, there are various genetic mechanisms under-
lying this phenotype according to ethnicity. For example, in Caucasians, the entire
RHD gene in the dce haplotype is deleted, resulting in a hybrid box of both upstream
and downstream RH boxes [16]. By contrast, Africans possess the pseudogene
RHDY, which has a 37-bp duplication in intron 3 and exon 4, three missense muta-
tions in exon 5, and a nonsense mutation with a premature stop codon in exon 6 [17].

Regarding the Asian population, D— is rare. Nevertheless, different mechanisms
have been identified for the D— phenotype in this ethnicity, including the entire
deletion of the RHD gene, D-elute (DEL) phenotype, and hybrid genes (such as
RHD-CE(2-9)-D and RHD-CE(3-9)-D) [18-21].

1.3 Variants of the D antigen
1.3.1 Weak D

The weak D phenotype was previously designated as D" because it could only be
identified by anti-D immunoglobulin (Ig) G in the antiglobulin test and not with
anti-D IgM. In contrast to the normal D antigen, the numbers of antigen sites per
red blood cell are less and considered quantitative D [22-24]. The intact D antigen
(normal D+) has 13,000-24,000 antigen sites per red blood cell. However, the weak
D antigen possesses only between 70 and 4000 sites [25].

The weak D antigen comprises all the D epitopes but with weak expression.
This phenotype arose from a missense mutation in the intracellular or intra-
membranous domain of the RhD polypeptides. Thus, a restriction occurs during
the RhD polypeptide subunit assembly, leading to a decrease in the density of
the RhD polypeptides [26]. In general, individuals with weak D cannot produce
anti-D compared with partial D and are treated as D+ individuals [27]. However,
in rare scenarios, weak D can produce anti-D. Hence, the term has been modi-
fied to weak partial D for such phenotypes. In summary, the term “D variants”
was proposed by Daniels to be used for both weak D and partial D to clear the
ambiguity [28]. A website called “The Human Rhesus Base” lists all D variant
alleles [29, 30].

1.3.2 Partial D

The partial D phenotype was initially classified into six categories (i.e., I-VI)
according to the patterns of antibody reactions with D+ red blood cells, which
already produced anti-D [31, 32]. The development of monoclonal antibodies paved
the way to identify different reaction patterns. The D antigen is now defined as a
mosaic or made of pieces of “epitopes.” Thirty epitopes have been identified and
numbered as epl-ep9, excluding ep7, followed by the subdivisions of these epitopes
(e.g., ep8.3) [33].

This phenotype is characterized by the absence of some epitopes and is con-
sidered qualitative D [33]. Such individuals can produce anti-D when undergoing
blood transfusion with a “complete” and intact normal D antigen and must be
treated as D— phenotype when receiving a blood transfusion. In addition, a D—
woman who is pregnant with a complete D+ child who inherits the paternal allele
from his father is also at risk of developing hemolytic disease of the fetus and new-
born (HDFN) [34]. The gene conversion of the two RH genes leads to the forma-
tion of a hybrid gene and the replacement of the RHD parts by the corresponding
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RHCE ones. Furthermore, the presence of a missense mutation in the extracellular
domains of the RhD polypeptides could result in the partial D phenotype [35].

1.4 Clinical significance of the RH groups

The most immunogenic antibody of the RH blood group system is the anti-D,
which has been reported to cause severe hemolytic transfusion reaction (HTR).
Therefore, typing for the D antigen is extremely crucial, except in a population in
which D— is considered rare [36]. Of note, some D— individuals have been reported
to produce anti-D antibodies when blood transfusion reaction occurs and D+ blood
is transfused [37-39].

Anti-D has also been implicated in severe HDFN, leading to fetal mortality
[40]. However, since the start of the use of anti-D prophylaxis, this issue has been
decreased dramatically [41]. Other antibodies of the RH blood group system,
namely, anti-C, anti-c, anti-E, and anti-e, have been observed to result in severe
HTR and HDFN [42]. To date, more than 50 antigens among the RH and differ-
ent blood group systems have been implicated in HDFN, ranging from mild to
severe [43].

2. HDFN
2.1 HDFN pathophysiology

Maternal alloimmunization may be caused by blood transfusion with an incom-
patible blood group antigen or during the previous or present pregnancy, in which
the fetus or neonate inherits the paternal allele of the blood group antigen that is
different from the maternal allele [44]. Fetal red cell leakage via the placenta enter-
ing the maternal circulation is known as fetomaternal hemorrhage (FMH). These
fetal red cells are recognized by the mother’s immune system as foreign bodies and
start producing IgM antibodies against these antigens. In the subsequent pregnancy,
the maternal IgG antibodies cross the placenta, attach to the fetal red cells, and
sensitize them. Consequently, alloimmune destruction can be triggered by splenic
macrophages, resulting in anemia with erythroblastosis. The duration of hemolysis
varies and causes antenatal or postnatal complications according to the develop-
ment of the blood group antigen of the fetus [45]. Extramedullary erythropoiesis
subsequently occurs to compensate for the destroyed red cells [46].

In the case of mild anemia, an appropriate compensation can be achieved by
the liver and spleen. However, in complicated cases, severe anemia leads to hypoxia
in multiple organs as a result of difficult delivery that requires sufficient oxygen
and nutrients. This subsequently leads to circulatory and liver failure. Liver failure
results in a decrease in protein levels and a drop in oncotic pressure in the circula-
tion. Moreover, heart failure increases venous pressure. These two complications
lead to ascites and edema, which is recognized as hydrops fetalis that has a high rate
of mortality and stillbirth babies [47].

The level of HDFN severity varies from one fetus/infant to another [48]. In most
severe cases, the fetus may die in the uterus starting from approximately week 17
of pregnancy [49]. In severe cases presenting with hydrops fetalis, which has high
morbidity and mortality, patients could be diagnosed prior to or after the delivery.
For the earlier detection of the disease, intrauterine transfusion can be performed
in the patients [50]. For moderate HDFN, hyperbilirubinemia can be observed in
patients. In such cases, exchange transfusion is needed for the neonate to prevent
the accumulation of excess bilirubin in the brain, which may lead to neurological
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damage and kernicterus. Regarding mild cases, jaundice and hemolysis can be
identified in the neonatal period [51].

The hemolysis of the red cells leads to the release of bilirubin into the fetal/neonatal
circulation. This released bilirubin has the ability to traverse the placenta, which is then
eliminated by the maternal liver. After delivery, the unconjugated bilirubin is pro-
cessed and excreted by the neonate’s liver. The enzyme diphosphate glucuronosyltrans-
ferase is released in a lesser amount owing to the immaturity of the neonate’ liver [52].

Because of fetal hemoglobin destruction, all newborns can exhibit jaundice.
Therefore, newborns with severe hemolysis have an increased level of bilirubin.
This excess amount can accumulate in the brain and lead to irreversible central
neurological damage and death, a condition known as kernicterus [53].

Anti-D is the major cause of HDFN, and it was a major cause of fetal and
neonatal morbidity and mortality before 1970. The incidence of stillbirths and
infant deaths dropped after anti-D prophylaxis was developed [54]. This anti-D
prophylaxis inhibits the production of the maternal anti-D antibodies after the
D-mismatch pregnancies. However, partial D mothers can develop anti-D antibod-
ies when they become pregnant with D+ antigen fetus. In this regard, such mothers
need to be treated as D— and should receive anti-D prophylaxis [55].

2.2 Factors affecting HDFN immunization and severity

Many factors affect the severity of RH-HDFN, including antigenic exposure,
host factors, Ig class, antibody specificity, and influence of the ABO blood group.

2.2.1 Antigenic exposure

FMH from previous pregnancy can lead to a critical increase in maternal
antibody titers, leading to maternal alloimmunization. FMH could occur in
approximately 93% of mothers in a small amount (as low as 0.5 mL) [56]. The risk
of FMH may be elevated as a result of abdominal trauma or because of interven-
tions, including amniocentesis. Furthermore, the occurrence of FMH may exceed
50% at delivery owing to the entry of fetal red cells into the maternal circulation via
placental separation from the uterus [57].

2.2.2 Host factors

With respect to the undefined genetic factors that lead to complications, the
capability of antibody production differs in response to antigenic exposure [58]. For
example, approximately 85% of D— individuals produce alloanti-D antibodies when
transfused with blood containing D+ red cells. However, if anti-D prophylaxis has
been administered to D— mothers, the remaining 16% will be at the risk of HDFN
after pregnancy with D+ babies [59].

2.2.3Ig class

Among the Ig classes (IgG, IgM, IgA, IgE, and IgD), only IgG has the ability to
cross the placenta. The IgG1 and IgG3 subclasses are more efficient in causing red
cell intravascular hemolysis compared with the IgG2 and IgG4 subclasses [60].

2.2.4 Antibody specificity

As previously described in this chapter, among all red cell antibodies, anti-D
is the most immunogenic. Moreover, anti-C, anti-c, and anti-E are also potent
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antibodies that can cause moderate to severe HDFN. Anti-c and anti-E may lead to
severe HDFN, which require management and treatment [61].

2.2.5 Influence of the ABO group

Of note, the incidence of detecting FMH is decreased when the mother is ABO-
incompatible with the fetus. The rate of D immunization has been reported to be
less in mothers with major ABO incompatibility with the fetus. This may be caused
by the clearance of hemolysis that occurs due to the presence of ABO-incompatible
D+ fetal red cells in the maternal circulation prior to the identification of fetal D+
red cells by the mother’s immune system [57].

2.3 Anti-D prophylaxis

Anti-D prophylaxis is also known as RH immune globulin. In 1965, the success
of the anti-D prophylaxis was reported; the prophylaxis was given to D— mothers
after the delivery of the D+ newborn [62]. Anti-D prophylaxis has become the back-
bone therapy to preclude any clinical significance of RH-HDFN. However, the mode
of action regarding how these prophylaxis works remain unclear [63].

Anti-D prophylaxis contains a natural product derived from human plasma that
helps in the prevention of sensitization events; therefore, there might be a risk of
infectious disease transmission [64]. In general, male blood donors are used and re-
exposed to a small volume of the D antigen. As a consequence, the anti-D antibody
is then developed by the immune system of the donors, followed by plasma collec-
tion and processing [65].

Anti-D prophylaxis was only administered to D— mothers postnatally, and in the
1970s, the prophylaxis was modified to include an antenatal dose for the additional
prevention of any sensitizing event of RH-HDFN [66].

Different anti-D prophylaxis routines are used in different countries, in which
most of them administer the antenatal dose at 34 weeks. The current regimen is
by administering two doses to the D— or partial D mothers who are pregnant with
D+ babies. The first dose of the anti-D prophylaxis should be administered to
D— mothers within 28-34 weeks of pregnancy, which could decrease the antenatal
immunization [67, 68]. A total of 92% of mothers were shown to have become
sensitized after week 28 [64]. If sensitization events occur, anti-D prophylaxis must
be immediately administered within 72 h [69].

The second dose of anti-D prophylaxis must be given within 72 h of delivery to
all D— mothers. This dose has reduced the burden of RH-HDFN by approximately
95% in the last 52 years [70]. Indeed, the second dose was initially introduced in
the first routine of anti-D prophylaxis [66]. The recommended dosage of anti-D is
300 mg [49]. A larger dose might be given depending on the magnitude of FMH to
reduce the risk of sensitization. The dose is typically calculated depending on the
magnitude of FMH either using the Kleihauer-Betke test or flow cytometry. Cellular
assays might be performed to predict the severity of HDFN, including antibody-
dependent cellular cytotoxicity assay, monocyte monolayer assay, and chemilumi-
nescence [71].

2.4 Antenatal screening (fetus at risk)
In general, the recommended routine testing for ABO and D grouping on a
maternal blood sample is performed in the first trimester to predict the severity

of HDFN. Antibody screening is also performed. Antibody screening must be
performed frequently during pregnancy to identify any emerging antibodjies.
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The early investigation of any new antibodies could assist in the monitoring and
management of HDFN [72].

Maternal antibody titer testing is performed if IgG antibody screening is posi-
tive. Each antibody has a certain titer, which varies as per the antibody. If this titer
is below a certain level, further management for HDFN is not necessary [73]. Titer
measurement can also be beneficial to distinguish between immune and passive
anti-D. Nevertheless, the severity of HDFN cannot be reliably determined [74]. If
the maternal antibody level is higher than the critical titer, paternal RHD zygosity
testing may be required.

2.4.1 Predicting D phenotype from DNA
2.4.1.1 Paternal RHD gygosity testing

The management of all immunized mothers is possible via paternal RHD zygos-
ity testing, which detects the copy number of the father’s gene. This identifies the
father’s zygosity status and paternity. Nowadays, various techniques have been used
for RHD zygosity testing. These include real-time polymerase chain reaction (PCR),
digital PCR, and mass spectrometry [75-78].

When fathers are homozygous for the deletion of the entire RHD gene, i.e.,

D—, there is no risk of HDFN within the current or subsequent pregnancies. By
contrast, when fathers are D+ carrying both the alleles of positive RHD gene
(homozygous, e.g., DCe/DCe), then the fetus will definitely be D+. The fetus has

a 50% possibility of being D+ in case the father’s genotype is hemizygous (e.g.,
DCeldce). Therefore, further analysis using noninvasive prenatal testing (NIPT) is
required [77].

Some methods assess the hybrid Rhesus box expressed in D— individuals, which
results from the entire RHD gene deletion in Caucasians. It mainly targets the cde
haplotype; therefore, such a method cannot be applied to the samples of African eth-
nicity [79]. A total of 59% of Nigerians [8] possess the Dce haplotype [see Table1].

2.4.1.2 Fetal genotyping

Amniocentesis is a risky and invasive procedure for obtaining fetal DNA. It can
increase the risk of alloimmunization and miscarriage. Instead, NIPT is nowadays
performed for fetal genotyping. The approach is now followed globally and is per-
formed by detecting cell-free fetal DNA extracted from the maternal plasma [80, 81].

Fetal genotyping is a noninvasive technique based on cell-free fetal DNA circulat-
ing in the maternal plasma, which is derived from a maternal blood sample. This
approach assists in identifying different blood group alleles and predicting the corre-
sponding antigens, including D, C, c, E, and e, in addition to KEL1 antigens [82, 83].

If the mother is D— and the fetus is D+, anti-D prophylaxis may be adminis-
tered. By contrast, if the fetus is D—,the D— mother does not need to receive the
prophylaxis. Therefore, this avoids unnecessary injections in the mother; moreover,
it appears to be cost-effective to save treatment for the mothers in actual need [84].
Thus, the approach of fetal genotyping could be cost-effective [85].

2.5 Antenatal management
2.5.1 Ultrasonography

Amniocentesis has been replaced by the middle cerebral artery (MCA) Doppler
ultrasonography for predicting the severity of fetal anemia. At present, this method
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is routinely used by obstetricians for investigating fetal anemia by observing an
increase in the velocity of blood flow in MCA in anemic fetuses compared with
normal ones [86, 87]. In the case of severe anemia, fetal blood sampling (FBS) can
be performed along with cordocentesis. Under ultrasound guidance, FBS is nor-
mally performed with a needle to obtain fetal blood; this procedure is considered an
invasive procedure [88].

2.5.2 Intrauterine transfusion

For severely HDFN-affected fetuses, intrauterine transfusion provides blood
to the fetus via the umbilical vein under ultrasound guidance. Fetuses must be
administered O- blood (unless fetal ABO type is known), which is also KEL-1
negative, leuko depleted, plasma depleted, hemoglobin S negative, cytomegalovirus
seronegative, and <5 days old [89]. Furthermore, citrate phosphate dextrose is the
anticoagulant used in these blood units to prevent problems arising from using
different anticoagulants. Gamma irradiation is performed to eliminate any residual
leukocytes that may lead to graft-versus-host disease [89].

Fetal hemoglobin and hematocrit level measurement along with crossmatching
is performed to ensure that safe compatible blood is transfused to the fetus. All
blood units are normally prewarmed to 37°C before being transfused. Interestingly,
intrauterine transfusion has been reported to reduce prenatal death and stillbirth
resulting from HDFN by 75-90% [90, 91].

2.6 Postnatal screening (newborn/infant at risk)

The serological investigation is performed after a sample is withdrawn from the
cord blood at birth. This sample is used to detect HDFN, which may help arrange
for probable transfusion.

2.6.1 ABO grouping

The forward ABO blood group typing may be observed with weak reactions
with anti-A and anti-B antisera in infants compared with adults and older children
[57]. This is because the ABO antigens of newborn infants are not entirely devel-
oped and may take 5-10 years to reach the adult levels [92]. Furthermore, reverse
ABO grouping is not feasible because infants do not produce ABO antibodies at
that age.

2.6.2 D typing

In rare cases, an infant’s red cells strongly bind to the maternal anti-D antibody,
resulting in a false-negative type of D or what is known as blocked RH [93]. Anti-D
can be identified from the eluant of these red cells, and typing these eluted red
blood cells should be observed for any reaction with the anti-D antibody.

2.6.3 Direct antiglobulin test (DAT)

DAT is very crucial in diagnosing HDFN. A positive DAT demonstrates a sensiti-
zation reaction in which an infant’s red cells are coated by maternal IgG antibodies.
No correlation has been observed between the severity of HDFN and the reaction
strength. Moreover, other laboratory or clinical manifestations for hemolysis can
also lead to positive DAT. This could be owing to the mother receiving the anti-D
prophylaxis [57].
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2.6.4 Elution

Performing the elution test in the case of positive DAT is not essential as a routine
procedure. As previously mentioned, eluant is the solution for blocked RH [57, 93].

2.7 Infant management
2.7.1 Phototherapy

This procedure is used to treat anemic newborns with mild to moderate HDFN and
who have elevated levels of bilirubin. Phototherapy is performed using a blue-green
light, with wavelength ranging from 460 to 490 nm [94]. Natural direct sunlight has
been reported to have the same wavelength and can be beneficial to reduce jaundice,
although it is not recommended because it may increase the risk of sunburn [95, 96].

Bilirubin is a lipophilic molecule that absorbs light and is metabolized into two
isomers, which are less lipophilic (in other words, water-soluble) and less toxic
to the brain. These can then be excreted via the urine without the requirement of
enzymatic glucuronidation [97]. Overall, phototherapy is an effective procedure
and can adequately conjugate bilirubin. Furthermore, it may assist reduce the
requirement of blood transfusion [57].

2.7.2 Exchange transfusion

Exchange transfusion may be performed in newborns who demonstrate severe
anemia with hyperbilirubinemia or heart failure. During pregnancy, the fetal liver is
unable to metabolize the unconjugated bilirubin. Therefore, this unconjugated bili-
rubin, made by the fetus, is crossed the placenta and metabolized by the maternal
disposal system. After delivery, this system is no longer used as well as the infant’s
liver is immature and cannot metabolize the unconjugated bilirubin efficiently.
Therefore, the high level of bilirubin in the newborn may lead to kernicterus, which
is the accumulation of bilirubin in the brain.

The assessment of hemoglobin and bilirubin levels is essential to determine the
requirement of exchange transfusion in neonates. This is performed for removing
bilirubin and maternal antibodies from neonates [98, 99]. Exchange transfusion is indi-
cated at a critical level of bilirubin (i.e., >100 pmol/L), depending on the neonatal age.

Exchange transfusion is the replacement of neonatal blood by whole blood or
equivalent, with the concurrent removal of bilirubin and maternal antibodies.
However, this procedure is labor-intensive and time-consuming. Therefore, its use
has become rare owing to the use of anti-D prophylaxis and phototherapy [50].

2.7.3 Red cell transfusion

Infants may receive red cell transfusion immediately after delivery for several
weeks to treat severe anemia. The same criteria that are used for intrauterine trans-
fusion and exchange transfusion must be applied for blood transfusion. Newborns
must be closely monitored for any clinical signs of ongoing anemia, particularly if
the infant is malnourished or sleeps heavily [98].

3. Conclusion

In summary, RH is the most highly variable blood group system. The antigens
of this system have many variants that include the D variants such as weak D and
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partial D. The antibodies of this system can cause HTR due to incompatibility
during a blood transfusion. Furthermore, their antibodies can lead to fetal red cell
sensitization and destruction, causing moderate to severe HDFN. Nowadays, owing
to the development of the latest technologies, the antenatal management of fetuses
has become feasible along with postnatal management. Anti-D prophylaxis can now
be administered antenatally at gestational weeks 28-34. At-risk pregnancies can also
be monitored noninvasively using MCA ultrasonography and fetal genotyping.
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Neutrophil-Specific Antigens:
Immunobiology, Genetics

and Roles in Clinical Disorders
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Abstract

Neutrophils are the most abundant nucleated cells in blood circulation and play
important roles in the innate and adaptive immune responses. Neutrophil-specific
antigens, only expressed on neutrophils, are glycoproteins originally identified in
studies on neonatal neutropenia due to fetal-maternal incompatibility and autoim-
mune neutropenia of infancy. The most investigated neutrophil-specific antigens
are the NA and NB antigens that their incompatibilities also cause transfusion-
induced febrile reactions and acute lung injury, a potentially fatal reaction, and in
bone marrow transplantation, causing graft rejection. NA antigens are members
of the immunoglobulin superfamily and are low-affinity Fc-receptors FcyRIIIb
(CD16Db). Fc receptors connect the F(ab), the antigen-binding fragment of the
antibody molecules, to neutrophils and lead them to recognize and phagocytize
the targeted antigens. The NB (CD177) antigen belongs to the urokinase-type
Plasminogen Activator Receptor Superfamily (uPAR, CD59, Ly6), but its specific
functions have not been fully determined. It is known, however, that NB antigen
binds proteinase-3 (PR3 to the neutrophil membrane), a serine protease. In
clinical studies, it was also demonstrated that NB expression is highly elevated
in Polycythemia Vera and is unexpectedly expressed in some cancer tissues.
Neutrophil-specific antigens are examples of antigens that have important biologi-
cal and clinical activities beyond antigenicity.

Keywords: alloimmune neonatal neutropenia (ANN), autoimmune neutropenia of
infancy (AINI), neutrophil-specific antigens, NA, SH, NB1, NB2, Fc gamma Receptor
IIIB (FcyRIIB), HLA antigens, human neutrophil antigen (HNA) nomenclature

1. Introduction

Neutrophils are the most abundant circulating leukocytes. They are short-lived,
terminally differentiated myeloid cells produced in the bone marrow. They contain
intracellular granules and vesicles and a multi-lobed nucleus. The condensed
nuclear chromatin is considered to indicate a limited transcriptional activity in the
cells. Neutrophils are an important part of innate and adaptive immunity, and the
first line of defense against invading pathogens. There are multiple types of proteins
expressed on neutrophil surfaces, including Fc-receptors, adhesion molecules,
integrins, multiple cytokine receptors, innate immune receptors such as Toll-like
receptors, and C-type lectins. Some receptors directly recognize and bind to
pathogens and play their role in the defensive functions, some other receptors, such
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as Fc-receptors, bind the Fc fragment of the antibody molecules to neutrophils,
which enable the neutrophils to recognize the targets of the antibodies and then
perform their functions in adaptive immunity. Some other receptors recognize the
inflammatory signals. The extracellular structures from neutrophil surface proteins
are involved in signal transduction, cell-cell interactions, neutrophil migration,
and substance releases such as cytokines, reactive oxygen species, exocytosis of
intracellular granules, and neutrophil extracellular trap (NET) formation, the
structure that traps and kills the invading bacteria. Some of the glycoproteins
expressed on the neutrophil surface carry the Neutrophil-Specific Antigens. The
protective effects of neutrophils are also contributed by their ability to receive
signals through their receptors that stimulate them to rapidly generate pseudopods,
move and invade their targets. They phagocytize the microorganisms and digest
them by proteolytic enzymes present in their intracellular granules. Eli Metchnikoff
(1845-1916) of Pasteur Institute in Paris was the first investigator who identified
neutrophil immunogenicity. He reported that guinea pigs injected with rabbit blood
produce antibodies against rabbit leukocytes and called the antibodies leukoagglu-
tinins and leukolysins [1]. In 1926, Charles Doan recognized that leukocyte incom-
patibility causes transfusion reaction and suggested that leukocytes have their own
“groups” [2]. Jean Dausset later reported that the presence of leukoagglutinins

in blood could be associated with chronic autoimmune neutropenia [3]. In 1957,
Tom Brittingham, of the hematology team of Washington University in St. Louis,
produced leukoagglutinins experimentally [4]. He volunteered to receive weekly
100 mL blood for nine consecutive weeks from a patient who had chronic myelog-
enous leukemia, the last four causing chills and fever. He could prevent the reaction
by minimizing the number of injected leukocytes. To study the effects of antibodies
in donors’ blood, he received 50 mL blood from a patient who had received numer-
ous transfusions. This injection caused high fever, vomiting, dyspnea, cyanosis and
hypotension. A chest X-ray on the following day revealed bilateral lung infiltra-
tions, a reaction that is now recognized as transfusion-related acute lung injury
(TRALI). Dausset [5] and others [6, 7] in subsequent years demonstrated inheri-
tance of leukocyte antigens.

2. Alloimmune neonatal neutropenia (ANN)

Neutrophil-specific antigens were identified during the investigation on alloim-
mune neonatal neutropenia (ANN), proven to be due to fetal-maternal incompat-
ibility [8]. In that study, the first child had died from neutropenia and sepsis, and
the three subsequent infants also had neutropenia at birth. The diagnosis of ANN
was based on the detection of a strong leukoagglutinin in the maternal serum
that reacted with the paternal neutrophils but not with the maternal own cells.

The blood smear from the last infant showed the absence of mature neutrophils
but lymphocytes, monocytes, eosinophils, basophils and platelets were normal.
Neutrophil-specificity of the antibody was established by demonstrating that the
antibody could be absorbed only by isolated neutrophils and not by any other blood
cells or tissue cells [9]. An anti-5b antibody [10], known to react with all blood
leukocytes and many other tissue cells tested, was used as a control and showed
that the ANN antibody reacted only with neutrophils. This first neutrophil-specific
antigen identified was named NA1, “N” for Neutrophil, “A” for the first locus, and
1 for the first allele. Further investigation on ANN led to the identification of other
antigens including NA2, NC1 [9, 11], SH [12, 13] and HNA-1d [14]. ANN could be
identified because the tests were directly performed on the blood from the affected
infants and their parents, and not on blood samples from multiparous female
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donors who develop multiple forms of antibodies against the HLA, red blood cells
and platelets. This may explain the reason for some other investigators inability

to recognize ANN, and even conclude that neonatal neutropenia was the result

of infection and not alloimmunization [15]. Neutrophil specificity causes ANN
because the total neutrophil mass in fetus blood is small, and there are no other
cell types in the body that express the same antigens and can absorb the maternal
antibodies. The more common HLA antibodies in maternal blood do not cause
ANN because HLA antigens are widely distributed in blood cells and other tissues,
and also, as soluble antigens, can absorb the maternal-derived antibodies [16]. In
one ANN example, both neutrophil-specific and HLA antibodies were detected in
the maternal plasma, but only the neutrophil-specific antibody was detected in the
affected newborn’s blood. ANN is a self-limited disorder and lasts as long as the
maternal antibodies remain in the infant’s circulation, a period of a few weeks to

a few months. The recovery can be predicted when the antibody can no longer be
detected in the infant’s plasma. In ANN, the absolute neutrophil counts are below
500 and the common symptoms are omphalitis, and infections in the skin and in
other locations. It has been estimated that ANN occurs in 0.1-0.2% of pregnancies.
This may be an underestimation; because now most birth deliveries are performed
under sterile conditions and the newborns are not exposed to bacteria, and con-
sequently, neutropenic infants may remain asymptomatic and undiagnosed. Also,
blood counts and differentials are not routinely tested on asymptomatic newborns.
ANN, in contrast to erythroblastosis fetalis, known as Rh disease, can occur in the
first pregnancies. This information should warn the blood banks that blood donors
with single pregnancy and asymptomatic children or undiagnosed ANN infants
may be carriers of the hazardous neutrophil-specific antibodies, and transfusion of
their blood may result in severe reactions and even fatalities.

2.1 Autoimmune neutropenia of infancy (AINI)

The second clinical disorder that increased interest in neutrophil-specific
antigens was autoimmune neutropenia of infancy (AINI). In 1975, a strong anti-
NA2 antibody was identified in the blood of a six months old infant. The antibody
was not present in the mother’s blood and the child was too old to have ANN [17].
Additional studies [18] demonstrated autoantibodies on 119 of 121 severely neutro-
penic children. The disorder, called AINI, was shown to be very common and the
autoantibodies were directed against neutrophil-specific antigens found in ANN.
Thus far, the antigens NA, NB, ND1 [19] NE1 [20] and 9a [18] are associated with
AINI, and some of these antibodies are also found in a few cases of autoimmune
neutropenia in adults [16]. Before detection of autoantibodies and establishing the
autoimmune nature of this disorder, AINI was recognized as “chronic benign neu-
tropenia,” benign because it was a self-limited neutropenia disorder, lasting several
months to a few years. The neutrophil count in blood of AINI patients is between
zero to 500, and there is an elevation of monocytes and eosinophils, which may
represent a protective defense mechanism. Pathogenesis of AINI has not yet been
determined, but it has been suggested that a delay in maturation of the regulatory
T-cells (T-regs) causes a lack of tolerance to neutrophil-specific antigens, and that
the autoimmunity becomes corrected when T-regs become functional [21, 22].

3. Neutrophil-specific antigens

The NA and NB antigen systems are the most investigated neutrophil-
specific antigens and are discussed here, with their information summarized in
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Tables 1 and 2. The genetics and biological functions of these two systems are
different and are described separately. However, their clinical impacts, such as
their roles in ANN, AINI, blood transfusion, and bone marrow transplantation
are similar. Also, in this report, the nomenclature used is based on the original
and not the HNA that will be discussed separately.

3.1The NA system

Four expressing alleles, NA1, NA2, NA3 (SH), and NA4 are currently known in
this system (Table 1). NA1 was the first, described with neonatal neutropenia. The
antigen SH, here referred to as NA3, was first described in one case of ANN, and
subsequently in three other cases [12, 13]. The antigen referred to as NA4, was origi-
nally described in two cases of ANN [14]. In rare individuals, the NA antigens are not
expressed. This abnormality, caused by gene alteration, is called NA™H [12, 23, 24].
The NA antigens appear at the metamyelocytic phase of neutrophil maturation and
are anchored on the cell membranes by the Glycosylphosphatydylinositol (GPI) at the
density of 100,000 to 300,000 copies per cell [25, 26]. Some NA molecules are also
stored inside the cells and translocate to the membrane and are released during cell
activation. NA antigens are the low-affinity Fc-receptors, FcyRIII [27]. Fc-receptors
are glycoproteins that bind the Fc fragment of immunoglobulins and connect the
humoral to the cellular components of the immune system. In this process, the effec-
tor cell, via its Fe-receptor, is connected to the F(ab)2, the antigen-binding part of the
antibodies. This connection leads to phagocytosis and antibody-mediated cell cyto-
toxicity (ADC) [28]. The genetic polymorphisms in the coding genes for Fc-receptors
influence their effectiveness. Three Fc gamma receptor (FcyR) subclasses have been
identified thus far: FcyRI, FcyRII, and FcyRIII [29]. The NA epitopes are located on
FcyRIIIb (CD16b), exclusively expressed on neutrophils, bind Fc fragments of IgG1
and IgG3 immunoglobulin subclasses [30, 31]. The CD16B gene has 5 exons and is
located on chromosome 1q23.3, and it belongs to the immunoglobulin superfamily.
FeyRIIIb contains two immunoglobulin G (IgG)-like domains and the proximal
domain carries the IgG-binding segments. The four variations in FCGR3B coding
region lead to the formation of the four known NA alleles (Tables 1 and 2). These
SNPs are located on exon 3 of the FCGR3B gene. FCGR3B*01 and FCGR3B*02 are the
most frequent alleles coding NA1 and NA?2 respectively [32]. These two alleles are

System Allele  Frequency Location Amino MW Chromosome Exons Nucleotide,
acids (kDa)* base pairs
NA NA1 0.560 Membrane, 233 58-65 1q23.3 5 699
(CD16b) intracellular
NA2 0.885 233 65-80
NA3 (SH) 0.05 233 65-80
NA4 Unknown 233 65-80
(HNA1d)
Nart Rare
NB NB1 0.97 Membrane, 437 55-64 19q13.2 9; 6 1614
(CD177) secondary in the
granules, pseudo-
vesicles gene

*Difference in molecular weight (MW) is due to differences in glycosylation.

Table 1.
Neutrophil-specific antigens, the NA and NB system.
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System Gene Protein Antigen name Nucleotide Amino acids
FcyRIIIb FCGR3B CD16 NA1 108G, 114C, 194A, 36R, 38 L, 65N,
(CD16) 233C, 244G, 316G 78A, 82D, 106 V
NA2 108C, 114 T, 194G, 36S, 38 L, 655,
233A/C, 244A, 316A 78D/A, 82N,
1061
NA3 (SH) 108C, 114 T, 194G, 36S, 38 L, 65S,
233A, 2444, 316A 78D, 82 N, 1061
NA4 (HNA1-d) 108C,114 T,194G, 36S, 38 L, 6558,
233A, 244A, 316A 78A, 82 N,106I
NAnull _ o
CD177 CD177 CD177 NB1 787A Full length
CD177 CD177 NB2(?)* NB2(?)* 787T 264 (Truncated
negative altered NBl-neg length)
CD177 CD177 NB1 NB1 1291G > A Truncated at the
modified soluble GPI-binding site
in
plasma

*NB2 is suggested to be a truncated protein, but needs to be confirmed.

Table 2.
Neutrophil-specific antigens alleles; nucleotide and amino acid differences.

determined by five nucleotides in positions 108, 114, 194, 244, and 316, and except for
asilent position in position 114, the other SNPs result in the replacement in positions
36, 65, 82, and 106 of IgG-like domains distal to the cell membrane [33]. The presence
of asparagine in position 65 is determinant for the formation of the NA1 epitope. For
the formation of the NA2 epitope, the presence of amino acid Ser in position 36 and
Asn in position 82 is necessary. Therefore, to predict the NA phenotype, it is neces-
sary to determine the FCGRIIIB genotype in positions 108 and 244. Since no evidence
exists regarding the involvement of amino acid 106 in the NA epitope formation,

it does not necessary to determine the FCGRIIIB genotype in position 316 [33]. A
polymorphism in nucleotide c.233 of FCGR3B*(02 is responsible for the generation

of the third allele, FCGR3B*03 known as NA3 (SH). This SNP changes the amino

acid alanine in position 78 to Asp [13]. The glycoprotein encoded by the FCGRB*03
allele bears both epitopes for NA2 and NA3. The fourth FCGR3B allele, FCGR3B*04
encoded by FCGR3B*01 is formed by an SNP ¢.316G > A, changing amino acids in
positions p.106Val > Ile. NA4 epitope is coded by FCGR3B*02. Alloantibodies against
NA4 were produced by individuals typed FCGR3B*01/FCGR3B*03 (NA1/NA3)
against NA2 coded by FCGR3B*02. Therefore, immunization against the NA4 is only
formed in NA1/NA3 individuals against NA2 individuals [14]. NA1 and NA?2 are
different in molecular weight caused by disparate N-glycosylation sites: 4 glycosyl-
ation sites for NA1 and 6 glycosylation sites for NA2 [34]. In some individuals in the
European population (about 0.15% of the normal population), the FCGR3B gene,

is missing with no detectable FcyRIIIb on the neutrophil surface [35]. Accordingly,
some individuals carry three copies of FCGR3B genes [36]. FcyRIIIb contributes

to phagocytosis, elimination of immune complexes, and antibody-mediated cell
cytotoxicity [37]. The co-localization of FcyRIIIb with CD11b/CD18 on lipid rafts
participates in signal transduction involved in neutrophil activation and production
of reactive oxygen species (ROS) [31]. A clinical study on individuals with NA™!
phenotypes has found only four out of 21 subjects to develop frequent infections [38].
Although, NA™" individuals are mostly healthy without symptoms, their exposure
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to NA positive cells during pregnancy, after transfusion or transplantation induces
immunization and consequently the production of iso-antibodies against NA

antigen (s). The clinical relevance of NA antigens other than ANN, AINT and autoim-
munity include TRALI, febrile transfusion reactions and bone marrow transplantation
incompatibility issues. NA2 in some populations has been documented as a suscep-
tibility to the development of systemic lupus erythematosus (SLE) [39]. Also, NA
antigens are known to be lost in Paroxysmal Nocturnal hemoglobinurea (PNH) [40],
because of loss of GPI in PNH. A separate gene, CD16A discovered by Retch [32],
produces another Fc-receptor that has medium affinity, and also binds IgG1 and IgG3
immunoglobulins. These two proteins (FcyRIIla and FeyRIIIb) are highly homolo-
gous; however, FCGR3A codes a protein with 21 transmembrane extra amino acid and
is longer than FCGR3B and is expressed on natural killer cells, a subset of monocytes,
macrophages, and T-cells, but not on neutrophils [41]. The amino acid differences in
the four NA expressing alleles are NA1 and NA?2 differ in three amino acids, and NA3
and NA4 are variations of NA2. NC1, as previously described [11], has been reported
to be related to, or identical to NA2 [42]. Neutrophil stimulation induces a proteolytic
cleavage and releases membrane FcyRIIIb molecules to plasma [43].

3.2 NB antigen

NB1 [44-46], also known as CD177, is a cysteine-rich glycoprotein that
expresses at the promyelocytic phase of neutrophil maturation [47]. This early
expression on immature neutrophils causes the bone marrow of the newborns
affected with NB1 alloimmune neonatal neutropenia, to show a “maturation
arrest” profile, and even be misdiagnosed as acute leukemia. NB1 is anchored on
the neutrophil membrane, and also mediates the expression of proteinase 3 (PR3),
a serine protease enzyme, on the neutrophil membrane [48]. NB1 is also present
in neutrophil secondary granules and intracellular vesicles. Stroncek and Skubitz
determined that NB1 is a 58-65 KDa, GPI anchored glycoprotein [49, 50]. Not
all circulating neutrophils in NB1-positive individuals carry the NB1 antigen on
their surfaces [19, 51, 52]. This bimodal expression divides the neutrophils into
NB1-positive and NB1-negative subpopulations in NB1-positive blood. Although,
the percentage of NB1-positive neutrophils remains stable, infection, pregnancy,
treatment with granulocyte-colony stimulating factor (G-CSF), and Polycythemia
Rubra Vera (PRV) upregulate, CD177 expression [49, 53, 54]. CD177 is not detect-
able on neutrophils of 3-5% of normal populations. These individuals are defined
as CD177-null. Kissel [55] sequenced the gene and determined it to be composed of
1614 base pair nucleotides, belonging to the urokinase-type Plasminogen Activator
Receptor Superfamily (uPAR, CD59, Ly6), located on chromosome 19q13.3 [53].
The gene has 9 exons and a pseudogene composed of 6 exons derived from the
original gene and is reversely positioned [52, 56-58]. A missense mutation in exon
7 of CD177 gene, c.787A > T replaces amino acid 263 with a stop codon and induces
production of a truncated protein and consequently loss of CD177 expression on
the neutrophil surface (Table 2) [57]. The stop codon responsible for the absence
of CD177 protein on the neutrophil surface arises when exon 7 in the CD177 coding
region is provided by the CD177 pseudogene, called CD177P1 [52]. The heritable
ratio between CD177/CD177P1 determines CD177 high and low expression; indi-
viduals homozygous for the CD177 gene have higher CD177 expression whereas the
existence of CD177P1 sequence in the CD177 gene leads to the presence of CD177
negative subpopulation [52]. However, in only 40% of CD177-null individuals, the
presence of ¢.787 T homozygote is responsible for the absence of CD177 protein
from the neutrophil surface [58, 59]. Later studies have added ¢.1291G > A SNP that
affects the GPI anchor region of CD177 molecule and converts membrane-bound
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to the soluble form of CD177. This polymorphism has been introduced as a genetic
regulator for atypical/low expression that participates in the mechanism of CD177
deficiency. The combination of SNPs, ¢.787 T and c.1291A is responsible to regulate
the presence of CD177 on the neutrophil surface [60]. A study on the epigenetic
component that regulates CD177 expression, has documented a non-classical
random monoallelic expression (MAE) on neutrophil subsets of CD177 positive
individuals [61]. The complete absence of gene transcription (neither complete, nor
truncated) in the CD177 negative neutrophil subpopulation has been introduced

as a mechanism regulating the absence of CD177 protein on the CD177 negative
subpopulation. However, later study analyzing mRNA content in sorted CD177
positive and negative subpopulations has shown the presence of CD177 mRNA in
both neutrophil subsets and doubted the previous observation [59]. Additional
interpretation on the potential role of ¢.787 T and c.1291 on NB system is presented
in the NB2-dilemma subsection, separately.

The role of CD177 on neutrophil function is complicated and poorly understood.
Physical association of CD177 with CD11b/CD18, concentrated on lipid rafts,
support transduction of signals initiated after binding of anti-PR3 antibodies (such
as Anti-Neutrophilic Cytoplasmic Autoantibody (ANCA)) on CD177/PR3 complex
toward neutrophil cytoplasm and consequently leads to neutrophil activation,
degranulation, and superoxide production [62]. The association of CD177 in ANCA-
mediated neutrophil degranulation may explain the selective activation of CD177
positive neutrophil subsets involved in the mechanism of ANCA-associated vas-
culitis (AAV). Analysis has introduced an epitope formed by CD177/PR3 complex
as arelevant epitope for CD177 autoantibodies but not isoantibodies. Interestingly
this epitope is a signaling relevant epitope that upon binding of relevant antibodies
induces neutrophil activation [63]. A previous study indicated CD177 as a hetero-
philic binding partner for platelet endothelial cell adhesion molecule 1 (PECAM-1).
Inhibitory analysis has introduced PECAM-1 membrane-proximal domain 6 to
mediate the binding of CD177. The later study however introduced PR3 as a binding
partner for PECAM-1 but not CD177 alone [63]. The CD177/PECAM-1 interaction
is considered to induce a signal in endothelial cells, destabilize VE-cadherin from
the endothelial junction, and lead to the preferential trans-endothelial migration
ability of CD177-positive neutrophils [64, 65]. The binding of monoclonal antibod-
ies to CD177 (such as MEM166) enhances the expression of p2 integrins, activates
CD177 positive neutrophils, raises neutrophil adhesion, and interrupts neutrophil’s
migratory ability [66]. This effect rather than direct CD177/PECAM-1 binding,
explains a neutrophil adhesion via a CD177-driven pathway [67]. In CD177 deficient
mice, besides a slight decrease in neutrophil counts, no defect in neutrophil func-
tion, chemotaxis, and clearance of bacterial infection was observed [68]. Although,
no distinct difference between CD177 positive and negative neutrophil subsets
have been described and both CD177 positive and null individuals are healthy, in
multiple diseases the CD177 expression/upregulation has been introduced as a risk
factor. In comparison to healthy donors, a higher proportion of CD177 positive
neutrophils have been detected in patients with ANCA vasculitis [69]. The study
documented a differential gene expression between CD177 negative and positive
neutrophils; CD177 positive produces a lower level of pro-inflammatory cytokines
and exhibits increased bactericidal activities such as ROS production and neu-
trophil extracellular trap (NET) [70]. A decreased percentage of CD177 positive
neutrophils in Myelodysplastic Syndrome has been documented [71]. In contrast,
in Kawasaki disease, an epigenetic hypomethylation and consequently increased
CD177 gene transcription has been reported [72]. Beyond neutrophils, the pres-
ence of CD177 on epithelial cells, in cervical cancer, prostate cancer and ovarian
cancer has been documented. Analysis of CD177 in mammary epithelial cells
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revealed a strong CD177 expression on epithelial cells that was significantly reduced
in paired cancer specimens [73]. These data suggest CD177 molecule as a cancer
cell-intrinsic tumor suppressor and introduced this molecule as a potential good
prognostic factor in different cancer types [73]. A recent study documented TRALI
induction in a CD177 pre-immunized recipient after transfusion with packed red
blood cells (PRBC) from CD177 positive donors, but not CD177 negative donors.
In vitro analysis has documented the presence of soluble CD177/PR3 complex in
plasma from CD177 donors that was significantly increased after PRBC filtration.
The molecular mechanism regulating the secretion of CD177 in plasma is yet to be
resolved. PECAM-1 on pre-activated endothelial cells absorbs soluble CD177/PR3
complex from plasma. Binding of CD177 isoantibodies to the absorbed CD177/PR3
complex on endothelial cells, induced endothelial barrier dysfunction implicated
in the mechanism of anti-CD177 mediated reverse TRALI [74]. In severe cases of
COVID-19 infections, progressive respiratory failure results from immunothrom-
bosis that is driven by activated neutrophils and platelets. As an activation marker,
CD177 molecules were upregulated in severe COVID-19 cases [75]. Further studies
have documented a correlation between CD177 upregulation in the serum and
disease severity and mortality in COVID-19 [76].

3.3 NB2 dilemma

The presence of a stop codon on the CD177 gene is shown to prevent NB1 biosyn-
thesis [77]. Based on this observation, the NB-negative individuals are called NB™!,
This interpretation also suggests that there is no allele to NB1. In contrast to this
conclusion, a NB1 positive mother was reported to have a child with ANN and have
a neutrophil-specific antibody that reacted only with NB1-negative neutrophils.
This antibody could be absorbed only by NB1-negative neutrophils and was called
anti-NB2, an allele to NB1 [78]. In this case, the maternal neutrophils were also
found to be 9a-negative, which suggested a possible relationship between NB2 and
9a, an antigen previously described by van Rood. Also, examination of data from
testing neutrophils from 76 members of 11 families, tested with anti-9a and anti-
NB2 showed identical results in 72 of 76 donors (these results were obtained during
1967 HL-A workshop experiments in Torino, Italy). Anti-NB2 antibodies were also
reported to cause febrile transfusion reaction [79] and TRALI [80]. Future studies
are needed to confirm that NB2, an allele to NB1, exists or if its identification has
been the result of serological errors. If confirmed, NB2 would be a truncated NB1
molecule in NB-negative individuals who carry the c.787 stop codon, which causes
the absence of amino acids responsible for CD177 expression (Table 2). Therefore,
NB2 will be CD177-negative but not NB™!. It should also be recognized that indi-
viduals with SNP ¢.1291 G > A expression have soluble NB1 antigens present in their
plasma and not on their neutrophils, and thus will be classified as NB1 negative,
however, this individual would not necessarily be NB2 positive.

4. The HLA and HNA nomenclature

In 1964, Bernard Amos of Duke University was appointed by the National
Research Council to organize an international research team to identify the antigens
involved in organ transplantation. Over a few years, different antigens were identi-
fied and were named ‘HL-A’ [81, 82], in which ‘H’ and ‘L’ were the terms used by
different investigators for the antigens they had discovered, and ‘A’ was for the first
locus identified. It was later recognized that the system was too complicated, and
HL-A was changed to HLA to make place for other antigens and loci. Therefore, the
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HLA is not “Human Leukocytes Antigens” nor is “Human lymphocyte Antigens,” as
used by the current literature. The HLA antigens are widely distributed in various
tissues and not leukocyte-specific. It should also be noted that these antigens have
their biological functions. and are not designed for organ transplantation that is a
medical procedure. The term “HNA,” proposed to be used for neutrophil-specific
antigens, is a misinterpreted copy of HLA nomenclature and creates confusing
issues: In the HNA nomenclature, the letter ‘H’ for human is wrong because these
antigens are not specific for humans, and are present in various other animals,

‘N’ for neutrophil is wrong, because none of the antigens, HNA3, HNA4 nor
HNAS, described in NHA systems are neutrophil-specific or cause ANN, AINI or
neutropenia.

5. Basis of leukoagglutinin methodology

Many techniques are used for investigating neutrophils antigens [83, 84].
However, leukoagglutination is one of the most essential laboratory tests for neutro-
phil antibody detection. Unfortunately, some facilities avoid neutrophil agglutina-
tion testing because of the lack of reproducibility due to the use of inappropriate
technology. The mechanism of neutrophil agglutination was investigated by
time-lapse cinematography [85] and showed that after the addition of antibodies to
neutrophil suspensions, a period of 5-10 minutes incubation at 37°C was required
to activate the neutrophils. After this silent period, neutrophils develop many
pseudopods and begin to move toward each other (agglutinate). This suggests that
neutrophil agglutination is a chemotactic response and requires a biological envi-
ronment. Damage to neutrophils during isolation, storage, presence of contamina-
tion, and centrifugation cause non-specific clumping. Another technical difficulty
is the mixed agglutination that occurs when there are red cells (or red cell ghosts)
in the cell preparation and red cell antibodies present. This red cell incompatibility,
in the presence of complement, causes neutrophil stimulation to phagocytize the
red cells, and or red cell ghosts, and form massive neutrophil aggregates. EDTA In
the medium can prevent this process. Maintaining a highly viable environment for
neutrophils is essential for the neutrophil agglutination test.

6. Conclusion

Neutrophil-Specific antigens are biological structures on blood neutrophils, the
most frequent nucleated cells in blood circulation. Fetal-maternal incompatibility
on these antigens causes neonatal neutropenia, and their autoimmunity results in
neutropenia in children and adults. Also, the presence of antibodies against these
antigens causes serious complications in blood transfusions, and incompatibility
in bone marrow transplantation can cause graft rejection. Beyond antigenicity and
immunological effects, these molecules have major roles on neutrophil functions:
NA antigens connect neutrophils to antibodies to perform their phagocytic and
other defense functions. The NB antigen interacts with Proteinase 3, Platelet-
Endothelial Cell Adhesive Molecule 1 and other molecules to perform various neu-
trophil functions, including protein digestion and penetration across endothelial
cells. This may be part of the mechanism of the development of serious lung injuries
associated with COVID-19 infection and transfusion-related acute lung injury. It is
also recognized that NB antigen expression is increased in Polycythemia Vera and in
several cancer tissues. More investigation is needed to understand the significance
of the appearance of NB on neoplastic tissues. This information would contribute to
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the understanding of the development of malignancies, their progression, and lead
to the development of new approaches for their treatment.
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Chapter 8

The ABO Blood Group System
and Plasmodium falciparum (Pf’)
Infection in Three Ethnic Groups
Living in the Stable and Seasonal
Malaria Transmission Areas of

Burkina Faso (BF)

Edith Christiane Bougouma, Alphonse Ouedraogo
and Sodiomon Bienvenu Sivima

Abstract

Genetic factors, including red blood cell polymorphisms, influence the severity
of disease due to infection with Plasmodium falciparum (Pf). Studies show that these
genetic factors associated with malaria susceptibility or resistance vary geographically,
ethnically, and racially. We performed cross-sectional surveys in population living in
rural villages from three ethnic groups. The blood group (BG) was determined geneti-
cally using two polymorphisms (rs8176719 and rs8176746). Out of 548 participants,
29.7% were Mossi, 38.2% were Fulani, and 32.1% were Rimaibe. The distribution of BG
was, respectively, A: 25.5%, B: 26.6%, AB: 7.3%, and O: 40.5%. BG O was not only the
common blood type overall, but was higher in Fulani (52.6%) than others. Fulani was
associated with a reduced risk of infection and lower parasite densities than sympatric
populations. The subjects with non-O blood were less susceptible to malaria infection.
An association between ethnicity and malaria infection during the high transmission
season as well as an association between the non-O blood group and malaria infec-
tions according to ethnicity was found. This was also true when ethnic groups were
considered separately. Our results have demonstrated that the Fulani are not only less
susceptible to Pf malaria infection, but when infected have lower parasite densities.
Individuals with non-O blood are at lower risk of infection.

Keywords: ABO blood group system, malaria, Plasmodium falciparum, ethnic groups,
Burkina Faso
1. Introduction

Malaria is one of the prevalent infectious diseases globally. In malaria-endemic
areas, a significant proportion of children harbor parasites without presenting signs

of clinical malaria and are considered asymptomatic cases [1]. Moreover, in com-
munities where children are repeatedly infected with malaria, one can question why
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some children die while others do not. Variant-specific immunity may help explain
chronic low-grade malaria infection without clinical symptoms [2]. A better knowl-
edge of the polymorphic host genes associated with resistance to clinical malaria and/
or with high parasite densities might provide new insights into disease mechanisms,
and suggest new approaches for prophylactic or therapeutic interventions [3, 4].

Plasmodium falciparum (Pf) has been called “the strongest known force for
evolutionary selection in the recent history of the human genome [5, 6]. Indeed,
the high mortality associated with Pf has given it the capacity to select emerging
polymorphisms as rapidly as can be witnessed in evolutionary time [7, 8]. Several
human genetic factors including red blood cell polymorphisms influence the sever-
ity of disease due to infection with Pf. To date, there is a paucity of information
concerning the role of these host genetic factors (ABO blood group, sickle-cell trait,
G6PD deficiency) in asymptomatic malaria, characterized by low-grade Pf infec-
tion and absence of fever/overt symptoms.

The ABO blood groups consist of A, B, and H carbohydrate antigens which can
regulate protein activities during infection and antibodies against these antigens
[9-11]. Several studies did try to establish an association between severe malaria
and the ABO-blood group type [11-13], with some reporting significant associa-
tions on infection status and a particular ABO blood group [11, 13].

The relationship between ABO and malaria was first suggested more than
40 years ago [14]. Few studies have corroborated this hypothesis [8, 11, 14, 15], but
some studies showed a weak association [2]. In India, for example, a significantly
lower frequency of Pf infection was observed among individuals with blood groups
A and O [9]. Thus, the selection pressures defining the ABO distributions remain
uncertain with contrasting results between studies.

This study aimed to investigate the association between the ABO blood group
and malaria susceptibility among Fulani compared to other sympatric ethnic groups
living in Burkina Faso.

We offer four perspectives in support of this investigation:

* The prevalence of the ABO blood group, in both children and adults residing in
the rural areas of Burkina Faso;

* The current distribution of ABO groups and Pf infection prevalence;

* Clinical outcomes during Pf infection; and - Relationship between the ABO
blood group and the prevalence of asymptomatic Pf infection.

2. Brief review of malaria infection ABO blood groups

For along time ago, the ABO blood group system has been suggested to be associ-
ated with infectious diseases including malaria. ABO blood groups appear to protect
against malaria, through loss of function due to a defective allele: the O phenotype of
the ABO system seems to confer protection against Pf infection (see Table1).

The human ABO gene consists of seven exons that are more than 18 kb in length
and genomic analysis has found over 70 alleles at this locus, suggesting that it is one of
the polymorphic genes in humans [1]. The three main antigenic classes (A, B, and O)
are all comprised of numerous alleles in both coding and non-coding sequences [1].

The O alleles share a one-nucleotide deletion in codon 87 of exon 6 resulting in a
frameshift mutation and premature termination of the polypeptide [2, 3]. O alleles
are the most common of the three allelic classes (about 0.6 worldwide) and have
frequencies between 0.3 and 0.7 in most populations. The A alleles generally have
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frequencies between 0.2 and 0.3, and the B alleles have frequencies between 0.1 and
0.2 [4]. There is substantial evidence supporting the importance of allele O for pro-
tecting against malaria, based primarily on the consistency between the worldwide
distributions of ABO variants and the historical presence of malaria. Uneke (2007)
showed that the O allele, which is more frequent in malaria-endemic regions, is
associated with greater resistance to malaria, in contrast to the A and B genotypes,
which are less resistant [5]. Fry et al. [6] corroborated this finding through a

study in three African populations showing a strong association of O individuals
with resistance to severe malaria and a recessive effect in AO and BO individuals.
Consequently, AO and BO would have the same susceptibility or sensitivity to
malaria as AA and BB individuals; with AB genotype individuals being the most
sensitive. The O allele is thought to protect against severe malaria through a mecha-
nism of reduced reinitiation (i.e., spontaneous binding of infected erythrocytes to
uninfected erythrocytes) [7].

However, although the major O alleles share a one-nucleotide deletion, they
differ in the number of nucleotide substitutions in both exons and introns. The O
human alleles, although different from the O chimpanzee allele [8], are much older
[1]. The most common O alleles, 001 and 002, are the result of separate muta-
tions and are 1.15 and 2.5 million years old, respectively. In other words, assuming
that the O allele protects from malaria, this protection may be a result of selection
originally favoring O alleles for some other reason.

3. Method
3.1 Study area

The study was conducted in four shrub-savanna villages located northeast
(Barkoumbilen and Barkoundouba) and east (Bassy and Zanga) of Ouagadougou,
the capital city of Burkina Faso (see Figure 1).

In the northeast zone, the Mossi and Rimaibé communities inhabit the village of
Barkoumbilen, while the Fulani and Rimaibé inhabit the village of Barkoundouba.
The Fulani and Rimaibe are present in both villages, so the Rimaibe represent an
optimal internal control for the study. The two villages are 5 km apart. In the eastern
zone, Mossi and Fulani communities independently inhabit two villages, Zanga and
Bassy, about 1(one) km apart.

Malaria transmission in the study areas is hyperendemic and seasonal, with
arainy season from June to October. The entomological inoculation rate (EIR) is
estimated to be around 200-300 infecting bites per person per year and is compa-
rable between villages [6]. The main malaria vectors are Anopheles gambiae ss, An.
arabiensis and An. funestus. Plasmodium falciparum (Pf) is responsible for more than
90% of malaria infections.

3.2 Study participants and study period

The population of the study area is predominantly of the Mossi ethnic group,
followed by the widespread Fulani, who are generally closely associated with the
Rimaibe (a hybrid of the two in terms of customs and even genetics). All three
populations live in similar houses. However, the Fulani group, while adopting the
habits of the sedentary Mossi populations, has retained their pastoral activities so
that their habitat is characterized by the presence of cattle herds.

The total population of the four villages was obtained from a general census and
enrolled in a demographic monitoring process. Except for children under 6 months

106



The ABO Blood Group System and Plasmodium falciparum (Pf) Infection...
DOI: http://dx.doi.org/10.5772/intechopen.102475

Sk Study area in Burkina Faso

FR BARKOUNDOUBA

NIONIOKODOGO

OUAGADOUGOU

LEGEND

W OUAGADOUGOU [ BASSI
BARKOUNDOUBA @ ZANGA 10 0 10 20 Kilometers
NIONIOKODOGO (Barkoumbilen)
F=Fulani  FR=Fulani and Rimaib¢ . i
M=Mossi  MR=Mossi and Rimaibé P ———
Figure 1.

Study site in Burkina. The study was carried out in four rural villages of shrubby savannah areas of Burkina
Faso: novtheast (Nioniokodogo and Barkoundouba), and east (Bassy and Zanga) of the capital town
Ouagadougou. Compounds of the various ethnic groups ave vepresented as capital lettevs. Inset/smaller map
represents the study site relative to the whole country.

of age, the entire population was eligible for the study and was characterized/
designated into two groups: participants aged 0.6 to 17 years and participants aged
18 years and older.

The study was conducted for two consecutive years and consisted of five cross-
sectional surveys (see Table 2).

i. Four surveys during the high malaria transmission seasons: in the middle of
August 2007 and 2008; and in the middle of November/December 2007 and 2008.

ii.One survey in the middle of the low transmission/dry season: March 2008.
3.3 Data collection

Community sensitization meetings were held during which information or expla-
nations about the context of the study, its objectives, its methodological approach, and
the associated ethical issues were provided. The signing of written informed consent
was a requirement for all study participants, including the guardians of minor children.

Following consent, a clinical team of physicians and nurses examined all
participants for clinical signs of malaria, measured weight, and axillary body
temperature. Suspected malaria cases (T > 37.5°C) were treated with artemether
and lumefantrine.

During the first cross-sectional survey, a two (2) ml venous blood sample was
collected from all participants in EDTA tubes.

Thick and thin blood smears were prepared and the hemoglobin level was
measured by the HemoCue technique.
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Total subject (n) Grouped by ethnicity

Mossi Fulani Rimaibe

n (%) n (%) n (%)

Number/subjects 559 163 209 176
Age group 0.6-17 380 (68.1) 120 (73.2) 147 (69.0) 113 (62.4)
(years) 518 178 (31.9) 44 (268) 66 (31.0) 68 (376)
Gender Male 224 (40.9) 72 (44.2) 90 (43.1) 62 (35.2)
Female 324 (59.1) 91 (55.8) 119 (56.9) 114 (64.8)
Blood group o 40.5 (222) 29.4 (48) 52.6 (110) 36.4 (64)
B 26.6 (146) 40.5 (66) 134 (28) 29.5 (52)
A 25.5 (140) 25.2 (41) 28.7 (60) 22.2(39)
AB 7.3 (40) 49 (8) 53 (11) 52.5(21)
Non-O 59.2 (326) 70.6 (115) 474 (99) 63.6 (112)
Table 2.

Population demographic.

3.4 Laboratory methods
3.4.1 Sample collection

For each subject in this study, physical examination and capillary blood samples
on slides and filter papers were collected. Slides were used for the diagnosis of
malaria infection and the venous sampling was for the blood group characterization.

3.4.2 Blood slides

Blood slides were stained with Giemsa for microscope identification of the
Plasmodium species and determination of parasite density.

3.4.3 Malaria parasite diagnosis by microscopy

Blood films were air-dried, the thin films fixed with methanol, and the slide
stained with Giemsa. The slides were read by highly experienced laboratory techni-
cians according to the site SOPs. Briefly, 100 high power fields were examined, and
the number of malaria parasites/each species and stage was recorded. The number
of parasites per microliter of blood was calculated assuming 200 white blood cells
per high power field and a fixed white blood cell count of 8000/pL. A slide was
considered negative if no parasites were found after the 100 HPF examination. Two
independent microscopists read each slide and in case of discrepancy between the
two readers, in terms of species, presence or absence of malaria parasites, or if the
parasite densities differed by more than 30%, the slide was re-examined by a third
laboratory technician. The arithmetic mean of the two closest readings was used
as the final value of the parasite density. If there was no agreement after the third
reading, the arithmetic mean of the three parasite densities was used.

3.4.4 DNA samples
DNA extraction from the buffy coat (about 1.5 ml in volume) was performed

using Nucleon BACC2 Kits. Successful DNA extraction was checked on a 1% agarose
gel stained with ethidium bromide. A total of 2235 DNA samples (about 50 pl in
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volume) were collected: 825 from Mossi, 877 from Fulani, and 533 from Rimaibé
individuals. Samples were stored in screw cap tubes labeled with the study code.
Samples were kept at —20°C in cryo boxes. The DNA samples were shipped to the
WTCHG in Oxford, UK, in May 2008. The DNA samples of study participants were
genotyped at the WTCHG in Oxford, UK.

3.5 Data management

Demographic variables collected during the census of the four villages
include for each person; age, gender, father and mother ethnicity, village,
compound, family members and sequential number within the family, and
census code. Assignment of ethnicity has been performed with the assistance of
local guides.

The census data file was anonymized (name identification has been removed
for privacy protection) according to the study protocol which was approved by the
ethical committee of Burkina Faso. Clinical data were matched to the census data
with study enrolment codes. Case report forms (CRF) for cross-sectional surveys
were verified by the supervisor of the clinical study before data entry. Similarly,
parasitological data were verified by the lab supervisor before data entry. Data entry
was conducted by a team of computer engineers at Ouagadougou, Burkina Faso,
and data files were validated by the database manager.

3.6 Statistical analysis

Data were entered into Microsoft Access. A Chi-square test was used to assess
the difference between frequencies/associations between blood groups and Pf cases.
ANOVA was used to test the difference between mean parasitemia.

Two-sided p values were reported, with differences considered significant at
p < 0.05. All analyses were carried out with the statistical software R 2.10.

3.7 Clearance from National Ethics Committee

The National Ethics Committee of the Ministry of Health (in Burkina
Faso) granted ethical clearance. The study was conducted in compliance with
the International Conference on Harmonization, Good Clinical Practices, the
Declaration of Helsinki, and applicable Burkina Faso regulatory requirements.
Individual written informed consent was obtained from each participant, partici-
pant’s parents, or legally acceptable representative.

4, Results

This study aimed to investigate Pf infection in Burkina Faso in the different
ethnic groups: Fulani, Rimaibe, and Mossi according to the ABO group.

4.1 Characteristics of the study participants

A total of 548 subjects (380 children and 178 adults) were included in this study:
Mossi, n = 163 (29.7%), Fulani, n = 209 (38.2%), and Rimaibe, n = 176 (32.1%). Table 2
shows baseline demographic characteristics according to ethnicity. We did not find any
significant difference among the three ethnic groups. The ABO blood group analysis
in all children revealed that O antigen: 40.5% (222/548) was the most predominant,
followed by A: 25.5% (140/548), B: 26.6% (146/548), and AB: 7.3% (40/548) antigens.
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Blood group O was not only the commonest blood type overall, but was higher in the
Fulani (n = 110 (52.6%)) than Mossi (n = 48 (29.4%)) and Rimaibe (n = 64 (36.4%)).

4.2 Malaria infection

The malariometric indices for each cross-sectional survey are summarized
in Table 3. The prevalence of Pf infection decreased from 51.6% during the high
transmission season to 18.4% in the low season; the prevalence of clinical malaria
also decreased significantly from 9.5% to 0.7%. The geometric mean parasite
density according to the season (high transmission season and low transmission
season) was represented in Table 3.

4.3 Malaria infection and ethnicity

The study showed that during the period of high transmission, there was an
association between ethnicity and malaria infection (p = 0.039). Subjects from the
Fulani ethnic group were associated with a reduced risk of Pf infection (0.0001 and
p = 0.02 for Fulani vs. Mossi/Rimaibe respectively during the start and end of the
high transmission season). As a result, the Fulani ethnic group had lower parasite
densities than the sympatric populations during the high transmission season: The
mean density by ethnicity was 374 (251-557), respectively; 865 (598-1252); 483
(331-708) parasites/ul for Fulani, Mossi & Rimaibe (Table 4).

Malaria indices *survey Total Ethnic Group P-value
number Mossi Fulani  Rimaibe Fvs.M FVSM Fvs.R
vs.R
Prevalence 1 283 98 (60.1) 91 59 (52.7) 0.08 0.025 0.30
of Pf malaria (51.6) (43.5)
1 0,
Infection 9% 2 236 90(552) 54  54(482)  0.002  0.003  0.00
(number (43.1) (2538)
positive/ total) ’ ’
3 101 33 25 26 (23.2) 0.55 0.56 0.50
(18.4) (20.24) (12.0)
4 272 103 69 65 (58.0) 0.0001 0.016 0.0001
(49.6) (63.2) (33.0)
5 215 87 (53.4) 52 47 (42.0) 0.0056 0.0012 0.25
(39.2) (24.9)
Geometric 1 550 865 374 483 0.021 0.001 0.316
mean of parasite [441- [598- [251- [331-708]
density (p/pl) 687] 1252] 5571
2 313 330 297 305 0.932 0.634 0.050
[250— [228- [192-  [211-441]
390] 478] 460]
3 393 230 391 572 0.044 0.912 0.332
[289- [138- [195- [360-909]
536] 382] 780]
4 264 685 878 1030 0.253 0.036 0.51
[697- [491- [578- [571-1414]
1040] 957] 1332]
5 720 791 523 805 0.345 0.171 0.193
[563- [535- [327- [520-
920] 1167] 836] 1249]
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Malaria indices *survey Total Ethnic Group P-value
number Mossi Fulani  Rimaibe FvsM FVSM Fvs.R
vs.R
Prevalence of 1 52 16 (9.8) 18 18 (10.2) 0.98 0.88 0.78
clinical Pf cases 9.5) (8.6)
0,
A:) :SKEZ;D 2 13 8(49) 4(19)  1(01) — - —
P Q4
3 4(0.7) 0 (0.0) 1(0.5) 3(17) — — —
4 31 11 (6.7) 9 (4.3) 11 (6.3) — — —
(5.7)
5 24 13 (8.0) 52.4) 6(34) — — —
4.4)
*Survey number.
1: First survey, the middle of high malaria transmission season (August 2008).
2: Second survey, the end of high malaria transmission season (Nov 2008).
3: Third survey, the middle of the dry low transmission season (March 2008).
4: The fourth survey, the start of the high transmission season (July 2008).
5: Fifth survey, the end of the high transmission season (November/December 2008).
Table 3.
Malariometric indices accovding to the ethnicity group/survey.
Malaria indices Survey Total Ethnic group P-value
number Mossi Fulani Rimaibe Fvs. FVS Fvs.R
Mvs. M
R
High transmission season (survey 1, August 2008)
Prevalence (6] 98 27 46 (50.9) 29 (45.3) 0.724 0.64 0.60
of Pf malaria (60.1) (56.3)
1 0,
I(’I‘ies;‘:;)/ ° Non-O 65 71 45(455) 59(527) 0172 0.05 041
(39.9) (61.7)
Non-O A 4.7 (5) 27 31(33.7) 22 (23.4) 0.55 0.70 044
(38.0)
B 4.7 (5) 41 6 (6.6) 24 (22.5) 0.001 0.02 0.003
(57.7)
AB 93 3 8 (8.8) 13 (13.8) — — —
(10) (38.0)
Geometric (0] 521 1020 434 373 0.07 0.07 0.71
mean of [359- [486-  [237-767] [202-689]
parasite density 755] 2146]
t(gt/;l]) [positive/ Non-O 569 811 323 563 001 0025 019
[431- [525- [188-555] [343-923]
753] 1253]
Non-O A 568 1005 316 595 0.04 0.012 0.173
[382- [489-  [167-599]  [295-1205]
845]  2068]
B 535 691 136 494 0.16 0.04 0.19
[337- [393- [23-822] [194—
851] 1218] 1260]
AB 680 928 664 642 0.90 0.50 0.92
[226- [-] [128- [204-
1561] 3437] 2018]
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Malaria indices Survey Total Ethnic group P-value
number Mossi Fulani Rimaibe Fvs. FVS Fvs.R
Myvs. M
R
Prevalence of (0] 20 4 (8.3) 9(8.2) 7 (10.9) — — —
clinical 9.0)
Pf cases %
Non-O 32 12 9(91) 11 (9.8) — — —
(number 98) (10.4)
positive/total) . .
Non-O A 7 (5.0) 3(73) 3(5.0) 1(2.6) — — —
19 8 5(27.8) 4(22.2) — — —
(13.0) (50.0)
AB 6 1 1(91) 46 (19.6) —_ —_ —_
(15.0)  (12.5)
Low transmission season (survey 3, Marsh 2008)
Prevalence of Pf (0] 39 10 12 (10.9) 17 (26.6) 0.38 0.86 0.36
malaria (176) (20.8)
(I;ff;:;’;er) Non-O 62 23 13(131) 26(232) 085 098  0.88
(19.0) (20.0)
Non-O A 27 11 8 (13.3) 8(20.5) 0.72 0.83 1.00
(19.3) (26.8)
B 2 11 3(107)  12(231) _ — —
(17.8) (16.7)
AB 9 1 2(18.2) 6(28.6) — — —
(25.5) (12.5)
Geometric [¢] 345 185 434 483 0.18 0.34 0.57
mean [207- [75- [237-767]  [203-1143]
of parasite 575] 454]
density
(p/pl) Non-O 393 253 443 641 0.12 0.19 0.88
[Poiitive/ total] 288~ 130~ [149- (360~
P 536]  492]  1317) 1124]
Non-O A 275 172 477 284 0.33 0.20 042
s2-  [62- [961-  [144-558]
495] 476] 2375]
B 533 337 185 979 — — —
267-  [112- [220-  [348-2752]
1064] 1014] 15,628]
AB 936 876 1215 855 0.075 0.46 0.052
[447- [-] [0.0- [302-2419]
1962] 1.7e09]
Prevalence of (0} 1(0.5) 0 (0) 0 (0) 1(1.6) — — —
clinical Pf cases
% (number Non-O 3(0.9) (OOO) 1(0.0) 1(1.8) — — —
positive / total) ’
Non-O A  1(07) 0 0 (0.0) 1(26) — — —
(0.0)
B 1 0 0(0.0) 1(0.0) — — _
(0.0) (0.0)
AB  2(50) 0(0) 1(91) 1(4.8) — — —

F= Fulani; M= Mossi; R= Rimaibe; No-O = A + B + AB.

Table 4.
Malaviometric indices accovding to the ethnicity and blood group/season.
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4.4 Malaria infection and ABO blood groups

The subjects with Non-O blood (i.e. A, B, or AB) were less susceptible to malaria
infection (p = 0.011). We found also a significant difference when Non-O groups
were considered separately (O versus A, p = 0.028; O versus B, p = 0.04; O versus
AB, p = 0.0067). Table 5 shows malaria infection according to the blood group.
Parasitological data did not differ when comparing subjects with and without blood
group O, the most prevalent blood group in the population sample.

4.5 Malaria infection, ABO blood groups, and ethnicity

There was an association between the Non-O blood group of all ethnicities
and malaria infections during high transmission. However, this association
disappeared when the ethnic groups were considered separately (all ethnici-
ties p = 0.011; Mossi: p = 0.56; Fulani: p = 0.59; Rimaibe: p = 0.49) (Table5).
Likewise, in the low transmission season, the difference in malaria infection
between subjects with and without blood group O was not statistically signifi-
cant (all ethnicities p = 0.86 Mossi: p = 0.72, Fulani: p = 0.94, Rimaibe: p = 0.91
On the other hand, a weak association between the Fulani and the Mossi with the

Blood group compared All Mossi Fulani Rimaibe

High transmission season

Prevalence of Pf malaria Infection % (number positive/ total)

Ovs. A 0.028 0.17 0.12 0.49
Ovs. B 0.04 0.80 0.04 0.06
Ovs. AB 0.0067 0.90 011 0.13
Ovs. (A +B+AB) 0.011 0.56 0.59 0.49

Geometric mean Parasite density (p/ul)

Ovs. A 0.74 0.98 047 0.30
Ovs.B 091 0.34 0.18 0.57
Ovs. AB 0.53 0.71 0.52 0.33
Ovs. (A +B+AB) 0.000 0.58 0.52 0.29

Low transmission season

Prevalence of Bf malaria Infection % (number positive/ total)

Ovs. A 0.79 0.90 — 0.80
Ovs.B 0.84 0.65 — 0.87
Ovs. AB 0.85 — — 0.73
Ovs. (A + B+ AB) 0.86 0.72 0.94 091

Geometric mean (Pavasite density (p/ul))

Ovs. A 0.55 0.88 0.59 0.41

Ovs.B 0.28 0.34 0.53 0.27

Ovs. AB 0.08 — 0.27 0.47

Ovs. (A +B+AB) 0.55 0.58 0.69 0.09
Table 5.

The p values for the frequency of O and non-O blood group types between the three ethnic groups according to
malaria infection and pavasite density.
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antigen of blood group O and the prevalence of asymptomatic malaria was found
(61.7% with the Mossi against 45.5% with the Fulani; p = 0.05). Considering

the subjects of blood group B, the study showed an association between Fulani
versus Mossi/Rimaibe, p = 0.001; Fulani versus Mossi, P p = 0.02 and Fulani
versus Rimaibe, p = 0.003.

5. Discussion

This study revealed that blood group O represented the most observed pheno-
type among participants (40.5%), followed by blood group B (26.6%), then blood
group A (25.5%), and finally the AB blood group, which is rarer (7.3%). These
results are consistent with those of previous studies that reported a high frequency
of group O phenotypes in areas endemic to malaria [5, 9-13].

Other studies have corroborated this evidence by the inverse relationship:
they have reported a high prevalence of blood group A and a low prevalence
of phenotypes of blood group O in colder regions where malaria is an exotic
disease [5, 10, 14].

These results would confirm the hypothesis of a selective evolutionary advan-
tage (survival) of Pf infection on blood group O cells compared to other blood
groups (A, B, or AB) in malaria-endemic areas [4].

The results of this study according to ethnicity also showed that Fulani were less
infected with malaria despite their way of life and living in the same conditions of
hyperendemic transmission. These were comparable to observations in previous
studies in Burkina Faso and West Africa [15, 16].

Like the study carried out in Gabon by Monbo et al. [17], this study showed a
high prevalence of malaria infection in participants with blood group O compared
to participants with blood groups A, B, or AB; and is in contrast to previous studies
that suggested individuals of blood groups A, B, and AB is more susceptible to Pf
infection than group O [6, 18].

Lower parasite densities in subjects of blood group O compared to non-O
subjects were observed, but the differences were not statistically significant. These
observations are in line with the conclusions of previous studies which have shown
that patients with blood group O were associated with increased protection against
parasitemia [18-23].

These results would suggest a protective effect of the O antigen against clinical
malaria. However, other explanations, such as the anti-rosette formation effect
associated with blood group antigens, should also be considered [24].

In any case, this study made it possible to establish the involvement of Fulani
groups against malaria infection and parasitemia. It also revealed that for all
ethnicities combined, there would be a statistically significant difference in suscep-
tibility to malaria between participants of blood groups O and participants of other
blood groups (A, B, and AB).

The absence of any statistically significant difference in susceptibility to
malaria in an intra-ethnic blood group analysis could be due to a sample size effect.
Hence, the need for in-depth and broader epigenetic studies to accurately capture
the effects of ABO blood groups in susceptibility to Pf malaria is highlighted.

6. Conclusion

The study confirmed that the Fulani group is less susceptible to Pf clinical
malaria and when infected had generally lower parasite densities. The study also
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found that despite infectivity being more frequent in blood group O, individuals
of this blood group are at less risk of clinical malaria and have low parasitaemias
compared to individuals of other blood groups (A, B, or AB).

Evidence of correlations between ethnicity and blood group at risk of malaria
infection would support the idea that the presumed association between blood
group and malaria infection depends on the demographic distribution and char-
acteristics of the population studied. As a result, each region of the world has a
characteristic ABO phenotypic distribution, making it urgent to fully understand
the biology of malaria infection through detailed studies of the interactions
between the ABO blood grouping system: A critical condition for saving lives in
malaria-endemic regions.
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Chapter 9

ABO Blood Groups and Risk of
Glioma

Ana Azanjac Arsic

Abstract

Gliomas are one of the most common primary brain tumors and the etiology
of gliomas remains unknown in most cases. The aim of this case—control study
was to investigate possible association between incidence in relation to glioma and
certain blood groups. This study included 100 histopathologically verified cases of
glioma and 200 age and sex-matched controls without malignant diseases that were
admitted to the same hospital. The results revealed that the patients with group AB
were at 3.5-fold increased risk of developing glioma compared to the patients with
other ABO blood groups. In this particular study, there was more male patients
with glioma with the blood group AB. However, mechanisms that explain the
relationship between the blood groups ABO and a cancer risk are unclear. Several
hypotheses have been proposed, including the one with a modulatory role of blood
group ABO antigens. In addition, the blood group ABO system regulates the level of
circulating proinflammatory and adhesion molecules which play a significant role in
the tumorigenesis process. Additionally, the recent discovery that includes the von
Willebrand factor (vWF) as an important modulator of angiogenesis and apoptosis
provides one plausible explanation as regards the role of the blood group ABO in the
tumorigenesis process. To our knowledge, this is the first study that examined the
relationship of blood group in patients diagnosed with glioma among the Serbian
population. Moreover, for the first time our study results suggested that blood
group AB increased the risk of glioma. The results of this study suggested that the
blood group AB could be one of hereditary factors which had an influence on the
occurrence of glioma. The further research is needed on a larger sample, to confirm
these findings and the possible mechanisms by which the ABO system contributes
to the pathology of glioma.

Keywords: ABO blood groups, risk factors, glioma

1. Introduction

The three most prevalent primary tumors of the brain, which represent the most
common neoplasm of all brain tumors, are glioma, meningioma and pituitary ade-
noma. The most common primary brain tumors are gliomas [1]. Gliomas account
for 27% of all central nervous system tumors and about 80% of malignant brain
tumors. Based on the histological criteria, gliomas are classified into the following
subtypes: astrocytoma, glioblastoma, oligodendroglioma, ependymoma, mixed
glioma, malignant glioma, not otherwise specified (NOS) and a few rare histologies
[2]. Each year, approximately 100,000 people are diagnosed with glioma world-
wide. In addition, gliomas comprise less than 2% of all newly diagnosed cancers
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and are associated with substantial mortality and morbidity [3]. Glioblastoma
multiforme (GBM) is the highest grade glioma (grade IV) tumor according to

the grading system of the World Health Organization (WHO classification), and
accounts for more than 50% of all gliomas [4]. The median overall survival of
patients with glioma is approximately 14-17 months, whereas the incidence of
gliomas is 6.8/100,000 and it is increasing worldwide. The countries with Northern
European populations had higher incidence rates (ranging from 7.8 in the USA to
9.6 in Australia and New Zealand). However, a decline in the incidence rates was
noticed in countries with predominantly Asian and Africans populations (ranging
from 1.9 in Southeast Asia to 3.3 in India) [5]. Considering the fact that the etiol-
ogy of glioma is largely unknown, numerous risk factors have been examined as
potential contributors to glioma risk. As a result, several potential factors are found
to be increasing the risk of developing glioma and they included environmental
factors such as smoking, alcohol consumption, diet, obesity, infections, environ-
mental pollution, and ionizing radiation [6, 7]. In this regard, some epidemiologi-
cal studies suggested that allergic conditions (such as asthma, hay fever, eczema,
food allergies, etc.) reduced the risk of glioma [8]. Well-established risk factors

for glioma development include older age, male gender, Caucasian race/ethnicity,
complete with rare genetic syndromes. Li-Fraumeni syndrome, neurofibromatosis
(types 1 and 2), tuberous sclerosis, nevoid basal cell carcinoma syndrome, familial
adenomatous polyposis (FAP), and von Hippel-Lindau (VHL) syndrome cause a
small percentage of gliomas in adult populations [9-11]. In addition, ABO blood
groups, expressed by different cells in human tissues, including epithelial cells,
vascular endothelial cells, and neurons [12], have been associated with an increased
cancer risk.

Many recent studies have focused on the role of ABO blood group antigens in
the pathogenesis of various systemic diseases, including cancer. Recently, more
evidence suggested that there was a significant association between the distribu-
tion of ABO blood group antigens and a risk of tumors, including the development
of pancreatic cancer, hepatocellular carcinoma, nasopharyngeal carcinoma, and
gastric cancer [13-15].

Furthermore, several studies have shown conflicting results concerning the
relationship between ABO blood groups and glioma risk [16-29]. Finally, differ-
ences are observed not only in the distribution of ABO blood group antigens among
patients with primary brain tumors in various countries worldwide, but also among
different ethnic groups within the country. The influence of blood group types on
the pathogenesis of brain tumors is still unclear, considering the fact that there are
conflicting reports obtained from the studies related to the distribution of ABO
blood groups and a risk of developing glioma.

2. The relationship between ABO blood group and cancer risk

The ABO blood group system was discovered at the University of Vienna in
1901 by Austrian scientist, Karl Landsteiner. The locus for the ABO blood group is
on chromosome 9, whereas ABO gene is inherited in an autosomal dominant [30].
The A and B antigens are displayed on the surface membrane of red blood cells and
attached to a common precursor of the side chain, the H determinant, which is then
converted into the A or B antigen. As regards the expression of antigens, individuals
with blood type AB have both antigens (A, B). On the other hand, individuals with
blood type A have antigen A, individuals with blood type B have antigen B, whereas
individuals with blood type O have neither antigen A, nor antigen B. Moreover, the
individuals of group O lack such functional enzymes and express the unaltered H
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determinants. In addition to their expression on the erythrocytes, A and B antigens
are highly expressed on the surface of epithelial cells of gastrointestinal, broncho-
pulmonary, and urogenital tracts. Ultimately, they are expressed on the surface of
the neurons, platelets, and vascular endothelium [31, 32].

The possibility of association between ABO blood type and malignancy was
first explored by Anderson and Haas. ABO blood group antigens are widely
expressed in a variety of human cells and tissues. As previously mentioned, the
underlying mechanisms that could explain the direct relationship between the
ABO blood groups and cancer risk still remains a challenge. One of the probable
explanations refers to the modulatory role of ABO blood group antigens. In addi-
tion, a variety of tumors show modified expression of ABO antigens on the sur-
face of cancer cells in comparison with normal epithelial cells [32-34]. Moreover,
what may prevent the immune system from recognizing and destroying tumor
cells is the structural similarity observed between ABO blood groups antigens and
tumor antigens. That results in a greater risk of cancer development and progres-
sion [35]. In particular, glycoconjugates are considered to be the key mediators
of membrane signaling and intracellular adhesion. Hence, they are necessary
for malignant progression and metastasis [36]. In addition, a link was detected
between ABO gene polymorphism and proinflammatory and adhesion molecules
(such as E-selectin, P-selectin, and intracellular adhesion molecule-1) which play
an important role in tumorigenesis. It is well known that low levels of intercel-
lular adhesion molecule -1 (ICAM-1) facilitate the adhesion of some cancer cells
to endothelial cells in patients with a non-O blood group. Furthermore, low-level
ICAM-1 may accelerate cancer progression [37].

Taking into account that the Von Willebrand factor (vWF) plays an indirect
role in the tumorigenesis process, it has to be emphasized that its main function is
to initiate platelet adhesion to the endothelial cells upon vascular injury. Being an
important modulator of angiogenesis and apoptosis, vVWF is secreted by vascular
endothelial cells. The lowest serum levels of these factors have been associated with
the O blood group, the intermediate levels — with blood groups A and B, whereas
the highest levels have been associated with blood group AB. In this manner, we did
observe a positive correlation between levels of vWF and disease severity. The level
of vWF is an indicator of the extent of endothelial dysfunction caused by tumor
growth. Thus, elevations in the concentrations of plasma vWF could be related
to accelerated tumor growth in individuals with non-O blood groups [38, 39]. As
regards the Forssman antigen (FORS1 Ag), which is structurally similar to the
structure of A antigen determinant of the ABO blood group system, it is synthesized
predominantly in stomach and colon cancer. However, one study confirmed the
presence of Forssman antigen in hepatocellular carcinoma tissues [40]. Alterations
in surface antigens, particularly glycoconjugates, may not only lead to modifications
in intercellular adhesion, but could have an important role in the development of
cancer as well. There is still no formal hypothesis which would provide a plausible
explanation about the association between malignancy and ABO blood groups [35].
Consequently, the ABO gene may be in linkage disequilibrium with other genes
influencing cancer risk [41].

2.1 The relationship between ABO blood groups and risk of pancreatic cancer

The results obtained from three previously conducted studies indicated a lower
incidence of pancreatic cancer among people with blood group O. Additionally,
the Nurses’ Health Study and the Health Professionals Follow-Up Study demon-
strated an increased incidence of pancreatic cancer among subjects with blood
type antigen A or B compared with those who were lack of these antigens [42-44].
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Dandona et al., also observed an increased risk of developing pancreatic cancer in
patients with a non-O blood group [45].

2.2 The relationship between ABO blood group and risk of gastric cancer

Based on the results of previously conducted study, which included 3,623
patients from England and Scotland, a significantly higher frequency of the A
blood group and a lower frequency of the O blood group was observed among
stomach cancer patients. In addition to the above mentioned findings, it was also
revealed that the people with blood group B showed a significantly reduced risk
of stomach cancer [46]. On the other hand, several studies, mostly conducted in
Western populations, consistently showed an approximately 20% excess risk of
gastric cancer in individuals with blood type A [47]. The results obtained from this
particular study confirmed in a recent meta-analysis [48]. Furthermore, there was a
prospective cohort study in a Taiwanese population that showed the fact that blood
type A was associated with a 38% increased risk of stomach cancer [49]. In addi-
tion, another prospective cohort study that included middle-aged or older Chinese
men demonstrated a lower risk of all cancer for blood type B, as well as a lower risk
for gastrointestinal cancers including stomach and colorectal cancer for blood types
B and AB rather than blood type A [50]. In a study by Aird et al., no association was
found between the ABO blood group and risk of stomach cancer [51].

2.3 The relationship between ABO blood groups and lung cancer

The increased risk of developing lung cancer was observed in patients with
non-O blood type in Turkish populations [52].

2.4 The relationship between ABO blood groups and breast cancer

Having studied the association between ABO blood groups and breast cancer,
Stamatokos et al., suggested that an A antigen was associated with an increased risk
of developing breast cancer. In contrast, Tryggvadottir and colleagues observed an
increased risk among women with B antigen [53, 54]. On the basis of the results of
a meta-analysis, it was concluded that blood group A was positively linked with an
increased risk of breast cancer [55].

2.5 The relationship between ABO blood groups and colon cancer

According to the findings of a meta-analysis, which evaluated the association
between the ABO blood group and colon cancer, the protective effects of O blood
type were confirmed. However, blood types A and B were not linked to a higher risk
of colon cancer [56].

2.6 The influence of ABO blood group on the development of glioma

The Central Nervous System (CNS) lesions are known to mankind since 1774.
Systemic study of the CNS commenced when Baily and Cushing started their
studies in the early 1920s [57]. The association between brain tumors and blood
groups antigens is variable. No specific hypothesis has been proposed for the
association between CNS neoplasms and ABO blood groups. The abovementioned
mechanisms may operate even in the CNS neoplasms. Kumarguru et al., suggested
a probable hypothesis which was related to the fact that an alteration in the char-
acteristics of ABO blood group antigens on the surface of cell origin, under the
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influence of either environmental factors or genetic factors, may govern the pro-
cess of development of tumors. In this regard, the mechanism may operate not only
in the primary neoplastic lesions but in the metastatic lesions of the CNS in the
genetically susceptible individuals as well [58]. Taking into account that there are
conflicting reports obtained from studies done on the distribution of ABO blood
groups in primary intracranial neoplasms, the influence of blood group types on
the pathogenesis of brain tumors still remains unclear. Periayavan S et al., observed
that blood group O was common in most of the categories of CNS lesions: neu-
roepithelial tumors (38.45%), meningeal (37.57%), cranial and paraspinal nerve
tumors (39.67%), pituitary neoplasms (43.62%), and metastatic tumors (43.18%)
[59]. As regards the study undertaken by Mehrazin M et al., neuroepithelial tumors
(38.4%), cranial and paraspinal nerve tumors (35.9%), and pituitary neoplasms
(4.40%) were observed more frequently in O blood group patients in their study
[59]. In contrast, previous studies showed different results concerning the ratios of
blood groups among the patients with glioma. Yates and Pearce conducted the first
study which examined the relationship between the ABO blood group and the risk
of glioma [16]. In this respect, there was no significant relationship found between
ABO blood groups and risk of glioma among patients diagnosed before 1945.

After that year, a highly statistically significant decrease in number of patients
with blood group O was reported. The relationship between the blood groups and
astrocytic brain tumors was examined in the study conducted by Selvestrone and
Cooper [17], the results of which showed a statistically significant decrease in the
number of patients with blood group B and O. In addition to the abovementioned
studies, in an Italian case—control study that recruited 195 cases of histologically-
confirmed glioma, a positive association was found with blood group A when low-
grade astrocytomas were considered separately. Additionally, the present study
identified suggestive, but non-statistically significant association with the presence
of CNS tumors among the first and second-degree relatives [18]. Compared to the
general population, Campbell et al., reported a substantially higher incidence of
glioma in blood group O individuals [19]. Yates et al., did not detect any significant
differences in the distribution of blood group antigens between glioma patients
and controls from the Oxford region in the United Kingdom [20]. These results
were confirmed by Strang et al., in a study that included 900 astrocytoma patients
and the control population [21]. Furthermore, there was a significantly higher
number of male cerebral astrocytoma patients with group A confirmed in this
particular study.

The retrospective study conducted by Mehrazin et al., was made on 907 histo-
logically confirmed cases of glioma and the same number of age and sex-matched
controls. The distribution of ABO blood groups in this study population was com-
pared with that of the general population. Finally, the results showed no significant
differences between types of intracranial tumors and frequencies of four blood
groups [22]. The case—control study by Akhtar et al., on 112 central nervous system
tumors, found a significantly higher association of these tumors with blood group B
patients [23]. On the contrary, in a case-control study, Akca et al., aimed to com-
pare the patients with glioblastoma multiforme with control groups regarding ABO
blood groups. On the basis of the study results, no significant differences among
O, A, B and AB blood groups were shown [24]. In a study conducted by Turowski
and Czochra, the analysis was based on the distribution of ABO blood groups in
271 patients treated for glioblastoma multiforme (GBM), whereas the control group
included 500 patents with craniocerebral trauma. Hence, a statistically significant
difference was found in the distribution of ABO blood groups between these patient
groups. Moreover, higher frequency of group A and lower frequency of group O
was detected in GMB patients [25]. In the cohort study, Allouh et al., included

123



Blood Groups - More than Inheritance of Antigenic Substances

115 patients who were diagnosed with glioblastoma multiforme (GB) in Jordan,
between 2004 and 2015. Inclusion criteria were histologically confirmed glioma.
Due to hospital records, data related to patients’ characteristics (such as the follow-
ing: age, sex, ABO blood groups, and Rh factor) were collected. Consequently, the
study results suggested that individuals with group A had a higher than expected
chance of developing glioblastoma multiforme, while individuals with group O
had a lower chance. In addition, a lower incidence of glioblastoma multiforme
was reported in individuals with group O compared to healthy blood donors and
age- and sex-matched control subjects [26]. The case—control study in the Serbian
population, which consisted of 100 pathohistologically confirmed glioma and 200
age and sex-matched control individuals, observed a higher incidence of glioma in
patients with the blood group AB [27].

The aim of the retrospective study done by Chang et al., was to examine the
relationship between ABO blood groups and brain tumors in the Chinese popula-
tion. This study included 2077 cases with histologically confirmed glioma admitted
at the hospital in the period between 2001 and 2016, whereas the control group
included 2716 noncancer patients admitted to the same hospital. Consequently,
the results showed that blood types B and AB were significantly linked to the
risk of glioma [28]. In a prospective study, involving more than 100,000 adults
in the United States and nearly 20 years of follow-up, no statistically significant
differences in risk of glioma were identified by ABO blood type. Hence, the
abovementioned study suggested that ABO blood group may not play a role in the
development of glioma [29].

3. Prognostic value of ABO blood groups in patients with glioma

Some studies investigated the prognostic value of ABO blood groups in patients
with glioma. Alkan et al., performed a retrospective cross-sectional study which
included 759 patients with glioma. In this study, there was no statistically significant
difference observed between glioma patients and healthy control patients. Median
overall survival (mOS) of GBM patients were 12.9 monthsin A, 13.4 months in
B, 5.7 months in AB, 12.8 months in 0 blood groups. The median overall survival
of anaplastic astrocytoma patients were 24.4 months in A, 47.2 months in B,

37.8 months in AB, 29.2 months in 0 blood groups respectively. Therefore, these
results showed that ABO blood groups had no prognostic value [60]. In a retro-
spective study on 72 patients with GMB, Akca et al., found no correlation among
ABO blood groups and prognosis. In that study, the number of patients with blood
groups O, A, B, and AB were 23, 33, 9 and 7, respectively [24]. In a retrospective
observational study, Sokmen et Karcin showed that overall survival was shorter in
GMB patients with non-O ABO blood groups than those with blood group O. This
study consisted of 238 patients with GMB and it was the first study showing the
prognostic value of ABO blood groups in patients with GMB [61]. The reason may
be that the number of patients was insufficient for prognostic analyses in the study
conducted by Akca et al.

The previous study, which aimed to evaluate the prognostic value in overall sur-
vival, had some limitations. With this respect, some of the studies failed to obtain
data regarding O°-methylguanine-DNA methyltransferase (MGMT) promoters,
which are shown to have prognostic value in GMB. Additionally, some studies
suggested that overall survival be shorter in GMB patients with non-O ABO blood
groups than those with blood group O.

It is confirmed that differences in the distribution of ABO among patients
with primary brain tumors have been reported between countries worldwide,
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complete with differences between ethnic groups within the country which are
observed as well.

As regards the effects of ABO blood groups on the incidence and survival of
patients with glioma, they are still unknown. What can be confirmed is that ABO
blood status has been shown to be associated with many cancers. However, the
influence of blood group types on the pathogenesis of glioma is still unclear. Due to
the difference of ABO genes among socioeconomic groups and geographic areas, the
blood groups may have a role in the incidence and prognosis of glioma just like the
environmental factors as well.

4, Conclusion

In conclusion, it should be stated that gliomas are considered to be the most
common primary brain tumors, accounting for almost 80% of all malignant brain
tumors. The etiology of glioma is still largely unknown. However, in the past
decades, a lot of research has been focused on determining risk factors that may
contribute to glioma aetiopathogenesis, including genetic and environmental
factors. Previous reports demonstrated that gene mutations and ABO blood groups
may be associated with elevated glioma risk. Therefore, further research of such
kind is needed to be performed on a larger sample, for the purpose of confirming
the abovementioned findings complete with potential mechanisms by which the
ABO system contributes to the pathology of glioma.
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