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ABSTRACT
During the differentiation and maturation of erythrocytes, the surface molecules of erythrocytes are
gradually expressed and stabilized. These molecules are to be antigenic in addition to their functions of maintaining cell membrane structural stability, material transport and exchange of cells and signal transmission between
cells. The antigenic molecules on the erythrocyte surface are called erythrocyte blood group antigens. The blood
group antigens and their corresponding blood group antibodies in vivo are important indicators for clinical blood
transfusion and organ transplantation, and also form the basis for research on blood group related diseases. Three
hundred and sixty-eight erythrocyte blood group antigens have been confirmed so far, which are classified into 39
blood group systems, 5 blood group collections and 2 blood group series. Based on the diversity of blood group
antigens and their composition of glycolipids, glycoproteins and other molecules, this study mainly reviews the
classification, molecular structure, antibody response and gene regulation of blood group antigens, and explains
the main reasons for the diversity of blood group antigens.
Keywords: erythrocyte antigen, antibody, blood type, diversity, gene regulation

INTRODUCTION
Since the discovery of the ABO blood group
system, blood group analysis has progressed from
antibody-based methods, to the development and application of technologies such as genome sequencing. So
far, 368 blood group antigens have been discovered and
defined. Some polymorphisms in erythrocyte antigens
differ between individuals and stimulate the production of different immune antibodies, for example,
following exposure via pregnancy or blood transfusion.
Erythrocyte antigen specificity, polymorphism, and the
production of different antibodies can help us recognize
different antigens. At the same time, because the recognition of blood group epitopes is usually necessary
to maintain native conformation and the modification

of sugar chains and other groups, it is extremely difficult to express and research antigens in vitro based on
genetic engineering technology. Blood group antigen
polymorphism is the result of the interaction of multiple
factors, including molecules, microenvironment, genes
and population. Firstly, these antigen molecules are
not proteins directly expressed by gene regulation, but
glycoprotein molecules that are produced by catalysis of gene-expressed glycosyltransferase and linking
to the oligosaccharide chain. Secondly, the epitope
on the antigenic determinant is only a short polypeptide sequence or a polysaccharide spatial structure on
the blood group antigen. However, changes in antigen
epitope caused by mutation and recombination of genes
can cause different antibody immune responses, which
indicate the emergence of new blood group antigens.
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Knowledge concerning blood group antigens is still
expanding and updating, and research on the generation of blood group antigen polymorphisms is an
important basis for the blood group related diseases.
This article reviews the diversity of blood group
antigens and antibodies from the aspects of antigen
classification, molecular structure, blood group antibodies and gene regulation, and goes on to clarify the
molecular basis of blood group antigen diversity.

THE NOMENCLATURE OF ERYTH ROCYTE BLOOD GROUP ANTIGENS
In 1900, Karl Landsteiner, an assistant professor of
pathology at the University of Vienna, Austria, dissected many patients who died from blood transfusion
and found that the cause of death was blood coagulation, and thus discovered the erythrocyte ABO blood
type[1]. The traditional concept of blood group refers
to the erythrocyte antigen phenotype as classified by
antibodies. However, with the continuous discovery
of new blood group systems and the development of
PCR technology, the understanding of blood group
antigens has also become more insightful, and the
concept of blood group is constantly changing.
From the current definition, blood type refers to
genetic markers that are controlled by genetic material
expressed on the surface of blood cells, plasma and
other tissue cells. This definition differs from the traditional concept of blood group in that: firstly, blood
group antigens are not only expressed on erythrocytes,
but also on other components besides erythrocytes,
such as platelets, white blood cells, etc.; secondly,
blood group antigens are regulated and expressed by
genes; thirdly, through the detection of antigens
and antibodies, individual genetic differences can
be revealed[2].
According to the naming principles for erythrocyte
surface antigens as defined by the International Society of Blood Transfusion (ISBT), 368 erythrocyte
blood group antigens have been discovered and confirmed, which can be classified into 39 blood group
systems (330 antigens) and 5 blood group collections (14
antigens) and 2 blood group series (low-frequency
antigen 700 series which has 17 antigens, highfrequency antigen 901 series having 7 antigens)[3-5]. The
same blood group system antigen means that it is
encoded by genes on the same locus or two or more
closely linked loci. Among the 39 blood group systems, the most important blood group system is the
ABO blood system, whose coding gene is located
on chromosome 9. The blood group systems also include MNS, P1PK, RH, LU, KEL, LE, FY, JK, DI,
etc. Among them, the RH blood group system is the

most complicated, with 55 antigens. The coding gene
is located on chromosome 1. Many different antigens
are produced by gene recombination and mutation. In
addition to common D, C, c, E and e antigens, there
are also many rare antigens, such as HrB, Bea, Evans
and other antigens. MNS and KEL are the most complex blood group systems just behind RH, for which
common antigens are M, N, S, s, U antigens and K,
k, Kpa, Kpb, Ku respectively. Blood group collection
refers to a type of blood group antigens that are related
in serology, genetics, etc. No evidence of independent
inheritance of antigens has been found in these antigens, so blood group collection, whose antibodies to
these antigens are not clinically significant, cannot be
defined as a blood group system. The 5 blood group
collections are Cost, Ii, Er and two unnamed. The two
blood group series are antigens which cannot be categorized into either the blood group system or blood
group collection. The 700 blood group series include
Batty, Christiansen, Biles and other antigens, which
are low-frequency antigens with a frequency of <1%
in the world population; the 901 blood group series
include Anton, Sid and other antigens, which are highfrequency, with a frequency of >99%.

MOLECULAR STRUCTURE IS THE
BASIS OF BLOOD GROUP ANTIGEN
DIVERSITY
Blood group antigen is closely related to the anchoring of erythrocyte membranes. The cell membrane is a lipid bilayer composed of phospholipids,
cholesterol and glycolipids. Integral proteins are
embedded across the inner hydrophobic zone and the
outer hydrophilic zone and is tightly bounded to the
cell membrane. Integral proteins can maintain the
stability of the cell membrane's phospholipid skeleton, have antigenicity, and is the molecular basis of
erythrocyte blood groups. For example, the D antigen in the RH blood group system is an integrin that
crosses the membrane 12 times (Fig. 1), the Duffy
blood group antigen system is an integrin that crosses
the membrane 7 times[6]. Sugar molecules combine
with each other to form sugar chains, which extend
to the extracellular space, and are also antigenic. The
antigenicity is mainly determined by the position of
sugar molecule and protein binding sites in the threedimensional conformation of glycoproteins. Because
the molecular weight of the sugar chains is large and
occupies a large space structure, the erythrocyte blood
group antigen is mainly determined by sugar molecules on the attaching protein[7]. However, not all
antigenicity in blood group antigens is determined
by sugar molecules. For example, the antigen in the
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Duffy blood group system is a glycoprotein molecule,
but its antigenicity is mainly determined by protein.
Its antigenicity is based on the specific position of
sugar molecules and proteins recognized by antibodies. Carbohydrate antigens are relatively widely
distributed, except for the central nervous system.
Carbohydrate erythrocyte blood antigens are distributed in various tissue fluids and body fluids, so are
also named as a histo-blood group. The distribution
of protein erythrocyte blood group antigens is relatively narrow, and most of them are distributed on
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blood cells derived from hematopoietic cells, called
organic-blood groups [8-9]. In order to distinguish
these antigens in tissue fluids and body fluids, soluble erythrocyte blood group antigens in body fluids
are called blood-group substances[10]. Some soluble
blood group substances are synthesized by erythrocytes themselves, while others are carbohydrate antigens synthesized by non-erythrocytes. These blood
substances are important factors for the recipient's
immune response in clinical treatments such as organ
transplantation.
6p11-21.1

RhAG

(Rh 50 000)
COOH
409

NH2
49

103 112

RhCE

162

226

358

211

(Rh 30 000)

267

NH2
49

RhD

103 112

162

(Rh 30 000)
NH2

1p34-36

384
313

226

408

417

358
384

211
267

313

408

COOH
417

RHD
exons

Fig. 1 Topological models of RhAG, RhCE and RhD and their gene location[6].

Blood group antigens are composed of sugar chains
and proteins. As a molecular compound composed
of six carbon groups, monosaccharides can be combined into sugar chains in different forms, such as
1-2, 1-3, 1-4, 1-6 connection, and α, β connection,
etc. Based on these, sugar chains can form a variety of
three-dimensional conformations, which is an important molecular basis for the diversity of blood group
antigens[11]. Secondly, in carbohydrate blood group
antigens, there are many types of monosaccharides
that constitute glycoproteins or glycolipids, including glucose (Glu), galactose (Gal), mannose (Man),
N-acetylgalactosamine (GalNAc) and fucose (Fuc),
etc[2, 12]. A wide variety of monosaccharides also provided the molecular basis for antigen diversity. In
the ABO blood group system, A antigen is formed
by adding GalNAc at the non-reducing end of the H
antigen oligosaccharide, while B antigen is formed by
adding Gal at the non-reducing end of the H antigen.

GalNAc and Gal are both monosaccharides, except
that the groups connected to the second carbon are
different. An acetyl group is connected to GalNAc,
while a hydroxyl group is connected to Gal. A difference in only one of the side chain group will lead
to difference in blood group antigens and produce
different immune responses. There are different antibodies that bind to it, leading to blood clotting in the
body. The MNS blood group system is also composed
of sugar chains. Its antigens include sialic acid glycoproteins, such as GPA and GPB, which are connected
to proteins through O- and N-. But there are very few
studies on the relationship between sugar chain differences and antigenicity[13-14].

THE COMPLEXITY OF BLOOD GROUP
ANTIBODIES
Antibodies are immunoglobulins that are produced
by plasma cells differentiated from immune B cells
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which specifically bind to antigens. Erythrocyte blood
group antibodies are immunoglobulins produced by
plasma cells that can specifically bind to erythrocyte
antigens under the stimulation of erythrocyte antigens[15]. Blood group antibodies are mainly IgM and
IgG types, but IgA secreting type is rare. According
to Landsteiner's rule: when a blood antigen does not
exist in the body, there will be one antibody against
that antigen. For example, anti-B antibodies exist in
individuals with blood group A without B antigen,
and anti-A antibodies in individuals with blood group
B without A antigen. Antibodies of the ABO blood
group are regular antibodies. However, with the
development of research, many antibodies have been
found to be inconsistent with this theory. For example, in
individuals with the RH-negative blood type, there is
no anti-RH antibody. Only through external antigen
stimulation such as blood transfusion or pregnancy,
can RH blood group antibodies be activated and produced by the body. So RH blood group antibodies are
known as irregular antibodies[16]. According to the
classification of immune pathways, antibodies can
also be divided into natural antibodies and immune
antibodies. Natural antibodies refer to various antibodies that naturally exist in the body, such as the
common ABO blood type IgM antibodies. However,
many natural antibodies are also stimulated by immunogens, only the immune process is not obvious
and occurs without the body noticing it. For example,
many substances in nature are very similar to blood
group system antigens, which can stimulate the body's
immune system to produce corresponding antibodies. The production of individual anti-M antibodies in
the MNS blood group system may be related to bacterial infection. Immune antibodies are specific antibodies
secreted by plasma cells or memory B cells under the
stimulation of specific antigenic substances such as
antibodies in hemolysis, and anti-D antibodies that
cause neonatal hemolysis due to incompatible RH
blood types in pregnant women and fetuses[17].
Among erythrocyte blood group antigens, carbohydrate antigens have a large molecular weight and
form significantly larger domains outside the cell
membrane. In general, they are more antigenic than
protein antigens. For example, ABO antigens have a
small number of antigens on the cell membrane, but as
it has carbohydrate branches, it is the most antigenic
blood group antigen. ABO antigens can stimulate the
body to produce a strong immune stress response to
make B cells differentiate into plasma cells to secrete
antibodies with high affinity and high titer. Therefore,
although ABO antigens are not distributed much on
the cell membrane surface, they are the most impor-

tant inspection items in pre-transfusion examinations
due to their strong antigenicity and obvious antibody
response[18]. There are in excess of 300 antigens in
the blood group system, this indicates there are correspondingly more antibodies against different blood
group antigens. A wide range of antibodies would
have a certain amount of cross-reactions because they
bind to similar epitopes, which brings more challenges
to clinical testing. For example, the ABO blood group
system has many subtypes due to gene mutations,
which affect the antibody response. Specifically, anti-A
antibody produced in the serum can agglutinate with
A1 erythrocytes, but not with A2 erythrocytes. This
suggests that different antibodies with different specificities may be produced against A1 and A2. But there
are also anti-A antibodies that can agglutinate with A1
and A2 erythrocytes at the same time. This indicates
that some epitopes recognized by anti-A antibodies
are expressed both on A1 and A2 antigens[19]. When
recognizing blood group epitopes, some antibodies
are affected by environmental factors. For example, in
the MNS blood group system, the antibody recognition reaction is obviously temperature-dependent. As a
consequence, antibodies known as cold antibodies do
not agglutinate with their corresponding erythrocytes
at 37°C, meaning that temperature control is required
when doing test in the laboratory[20-21]. In addition to
temperature, blood group antibodies are also different in dependence on complement. The ABO blood
group system is highly dependent on complement. If
there is no complement, the ABO blood group antigen
antibody reaction will not undergo hemolysis. The RH
blood group antibody however, has a low dependence
on complement, so hemolysis can occur without complement. Therefore, as the neonatal serum complement
content is low in neonatal hemolysis, ABO hemolysis
is low and self-limiting while RH system hemolysis
can cause intravascular and extravascular hemolysis.
This often results in serious clinical symptoms requiring
prompt treatment[22-23]. There are few studies on antibody diversity in other blood group systems.

GENE REGULATION OF BLOOD GROUP
ANTIGEN DIVERSITY
The expression of erythrocyte blood group antigens
is essentially affected by gene regulation. The knowledge on the gene regulation for the diversity of blood
group antigens aid the understanding of the biological
role played by these molecules in the development of
homeostasis[24]. The direct product of gene regulation
is protein, and the synthesis and expression of protein
blood group antigens are directly regulated by genes.
However, the synthesis and expression of carbohydrate
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antigens is a very complicated process. The synthesis
of sugar chains is regulated by glycosyltransferase, and
the expression of glycosyltransferase is regulated by
genes, so carbohydrate antigens are indirectly regulated
by genes[25-26]. In the expression of protein antigens,
corresponding protein is expressed with the corresponding gene. But in fact, the expression process
will be affected by other factors, such as mRNA
transcription and translation regulation. The gene
regulation process of the sugar chain is more complicated.
The role of glycosytransferase is also affected by many
other factors. For example, sugar chain molecules of the
same structure can be synthesized by different transferases;
and the same transferases can catalyze the synthesis of
different sugar chain molecules. These all reflect the specificity and merger nature of enzymatic reactions. Secondly,
glycosyltransferase is a kind of enzyme. The expression
of carbohydrate antigens is also subject to enzymatic
reaction conditions, such as enzyme substrates, products,
environmental temperature, pH, etc[27-28]. The synthesis of
carbohydrate antigens is an enzymatic biochemical reaction
process. Due to the complexity of carbohydrates, the product formed by one substrate in an enzymatic reaction may
be the substrate of another enzymatic reaction[29-31]. For example, the sugar chain of the blood group antigen Ii can be
used as a substrate to synthesize H antigen under the action
of H transferase (a-1,2-L-fucosyltransferase), and A antigen
can be synthesized by H antigen under A transferase (a-1,3N-acethlgalactosaminetransferase) or B antigen under B
transferase (a-1,3-D-galactosyltransferase)[32]. The phenomenon of interaction as substrates and products of each
other restricts glycosyltransferase in regulating the
production of blood group antigens. The regulation of
carbohydrate blood antigens is more complicated. In
addition, gene mutations also affect the expression of
blood group antigens. Type A blood has two subtypes,
A1 and A2. A1 is highly expressed in the population,
while A2 is a mutant with a deletion of base 1059 in
A1, which leads to an increase of 21 amino acids in the
rear of A1 glycosyltransferase[33]. The Bombay blood
group in the ABO blood group system is also complicated. The precursors of the A and B antigens are both
H antigen. So, when H antigen expression is abnormal,
even if A and B antigen transferases are normal, A and
B antigens cannot be expressed. This forms the basis
for the emergence of Bombay type, which is mainly an
abnormality of the H antigen gene. H antigen is regulated by FUT1 gene. Most Bombay-type individuals
discovered so far have a TC substitution in the base 725
position on FUT1. This changes the amino acid 242
leucine to arginine. The Bombay-like mutation type is
the deletion of two AG bases in the three repeated AG
bases on H gene, resulting in a frame shift mutation to
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form an early terminator.
Though RH blood group system antigens are mostly
protein antigens, it still the most complex and polymorphic system in the blood group system, of which
there are currently 55 known antigens[34]. Linkage refers
to the phenomenon that two genes on the same chromosome are inherited together. For example, RHD
and RHCE, both located on chromosome 1, are not
independently assigned loci. Exchange refers to
the exchange of genetic material between pairs of
homologous chromosomes, also known as recombination. Two loci that are not closely connected on the
same chromosome are called syntenic genes. RH and
FY are both on chromosome 1, which are far apart,
can be exchanged and combined freely[35-36]. Not all
linked genes are inherited stably with a certain probability. In the MNS system, alleles are mainly inherited
in the MS, Ms, NS and Ns haploid genotypes, but the
frequency of MS haploid genotype is significantly
increased. A specific combination of at least two
linked gene loci like this is inherited together and has
a higher probability of occurrence than expected
is called linkage disequilibrium. There is loca-tion
effect in the RH blood group system. When the Ce
haploid genotype is in the transposition, the expression of D antigen is weakened, and when the ce or
cE haplotypes are inherited together, the D antigen
is expressed normally. In addition to the inheritance
of special genetic traits of RH blood type, there are
many other gene regulation phenomena. For example, the cis effect in the Kell system[37]; RHAG is a
regulatory gene, and its mutations lead to the RHmod
phenotype; Some antigen expression requires at least
two independent gene products to interact, and even
some red blood cell antigen expression and secretion
require the interactions of a series of genes at different sites[38-39].
Accumulated research on ethnicity suggests that
the basis of the difference in blood type gene levels
is ethnic differences. Human blood type genes are less
affected by environmental factors, and the association between ethnic differences and blood types can
be observed clearly. There are three types of RH
D-negative genes in the RH blood group system:
complete deletion, partial deletion and no deletion.
The proportions of these three types in white, black
and yellow races are completely different[40-42]. In
addition, marriage and migration between different ethnic groups in modern times have increased
the possibilities and complexity of genetic polymorphism, leading to the emergence of new blood type
phenotypes.

120

Diversity of erythrocyte blood group antigens, 2020, 4(2)

SUMMARY AND FUTURE PERSPECTIVES
The erythrocyte blood group system is very complex.
Currently, 368 blood group antigens have been discovered. Because of the diverse structure of sugar chain
molecules, the regulation of gene recombination, mutations, as well as inter-racial marriage, etc., new
blood group antigens are constantly being created.
In the course of clinical treatment, it is necessary to
conduct a comprehensive test of blood group antigens
to avoid the occurrence of hemolysis and other adverse reactions when blood transfusions and organ
transplantations are performed, or when neonatal
hemolysis and other diseases are treated. In recent
years, with the continuous deepening of blood group
research and cognition, blood group antigen research
is no longer limited to clinical blood transfusion, but
is also an important part of clinical physiological and
biochemical and immune mechanism research. Blood
group antigen polymorphism is also closely related to
diseases such as tumors[7, 43]. In the future, through
in-depth research on erythrocyte antigens, antibodies
and gene regulation, erythrocyte blood groups will
further play an important role in the occurrence,
development, diagnosis, and treatment of blood grouprelated diseases.
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