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Foreword to 1st edition

It is a particular pleasure for me to welcome this new
book on human blood groups, the more so since it
emanates from the Medical Research Council’s Blood
Group Unit. For 25 years this Unit devoted its energies
to the search for new red cell antigens and the appli-
cation of those already known to various problems,
particularly to human genetics. During these years
Rob Race and I produced six editions of Blood Groups
in Man.

Dr Geoff Daniels joined the Unit in 1973 on Dr Race’s
retirement; soon after, concurrently with the Unit’s move
from the Lister Institute to University College, the scope
of the Unit’s interest was broadened.

Having been divorced from blood groups and other-
wise occupied in 12 years of retirement, I am delighted
and astonished at the rapid advances made in recent

years. The number of blood group loci have increased
to 23 and all except one have found their chromosomal
home. The biochemical backgrounds of most of the
corresponding antigens are defined and hence several
high and low incidence antigens gathered into sys-
tems. The molecular basis of many red cell antigens
has provided an explanation for some confusing sero-
logical relationships which were observed many years
before.

Dr Daniels is to be congratulated on his stamina in
producing a comprehensive text and reference book on
human blood groups, for which many scientists will be
grateful.

Ruth Sanger
December 1994
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Preface to the third edition

The primary purpose of this book, like the first two edi-
tions, is to describe human blood group antigens and
their inheritance, the antibodies that define them, the
structure and functions of the red cell membrane mac-
romolecules that carry them, and the genes that encode
them or control their biosynthesis. In addition, this book
provides information on the clinical relevance of blood
groups and on the importance of blood group antibodies
in transfusion medicine in particular.

The second edition of Human Blood Groups was pub-
lished in 2002; this new edition will appear 11 years later.
There have been many new findings in the blood group
world over those years. In order to prevent the book from
becoming too cumbersome, my goal has been to produce
a third edition roughly the same size as the first two. I
have tried to do this without eliminating anything too
important, although this has not been easy, with so much
new material to include. Since 2002, about 69 new blood
group antigens and seven new blood group systems have
been identified, and all of the 38 genes representing those
systems have been cloned and sequenced.

In the preface of the sixth edition of Blood Groups in
Man, the predecessor of Human Blood Groups, Race and
Sanger wrote, ‘Here is the last edition of this book: the
subject has grown to need more than our two pencils’

viii

Well, here is the last edition of Human Blood Groups; the
subject is rapidly growing too vast to be contained in a
textbook. In the previous two editions I strove to include
all fully validated blood group antigens and genetic
changes associated with their expression or loss of expres-
sion. This has proved impossible and pointless in this
edition so, although the genetic bases of all the important
blood group polymorphisms are described, in many cases
the reader is directed to web sites for a more complete list
of mutations, particularly those responsible for null phe-
notypes. In the next few years, next-generation sequenc-
ing will become readily available and affordable, and the
number of genetic variations associated with red cell
change will increase exponentially.

I wish to thank again all the people who helped me
produce the first two editions, in particular Patricia
Tippett, Carole Green, David Anstee, and Joan Daniels.
would like to add my thanks to Dr Nicholas Burton at the
University of Bristol who provided many of the protein
models for this edition. Finally I would like to thank all
the numerous colleagues from around the world who
have provided so much of the information in this book,
in published or unpublished form, over so many years.

Geoff Daniels
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GlcNAc
GDP
GPI
GSL
GTA

Some abbreviations used

Adenosine diphosphate

Adenosine triphosphate
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Introduction

1.1 Introduction,
1.2 Blood grouj
1.3 Chromosomal

1.1 Intr

What is the definition of a blood group? Taken literally,
any variation or polymorphism detected in the blood
could be considered a blood group. However, the term
blood group is usually restricted to blood cell surface
antigens and generally to red cell surface antigens. This
book focuses on the inherited variations in human red
cell membrane proteins, glycoproteins, and glycolipids.
These variations are detected by alloantibodies, which
occur either ‘naturally] due to immunisation by ubiqui-
tous antigens present in the environment, or as a result
of alloimmunisation by human red cells, usually intro-
duced by blood transfusion or pregnancy. Although it is
possible to detect polymorphism in red cell surface pro-
teins by other methods such as DNA sequence analysis,
such variants cannot be called blood groups unless they
are defined by an antibody.

Blood groups were discovered at the beginning of the
twentieth century when Landsteiner [1,2] noticed that
plasma from some individuals agglutinated the red cells
from others. For the next 45 years, only those antibod-
ies that directly agglutinate red cells could be studied.
With the development of the antiglobulin test by Coombs,
Mourant, and Race [3,4] in 1945, non-agglutinating
antibodies could be detected and the science of blood
group serology blossomed. There are now 339 authenti-
cated blood group antigens, 297 of which fall into one of
33 blood group systems, genetically discrete groups of

Human Blood Groups:

antigens controlled by a single gene or cluster of two or
three closely linked homologous genes (Table 1.1).

Most blood group antigens are synthesised by the red
cell, but the antigens of the Lewis and Chido/Rodgers
systems are adsorbed onto the red cell membrane from
the plasma. Some blood group antigens are detected only
on red cells; others are found throughout the body and
are often called histo-blood group antigens.

Biochemical analysis of blood group antigens has
shown that they fall into two main types:

1 protein determinants, which represent the primary
products of blood group systems; and

2 carbohydrate determinants on glycoproteins and gly-
colipids, in which the products of the genes controlling
antigen expression are glycosyltransferase enzymes.
Some antigens are defined by the amino acid sequence
of a glycoprotein, but are dependent on the presence of
carbohydrate for their recognition serologically. In this
book the three-letter code for amino acids is mainly used,
though the single-letter code is often employed in long
sequences and in some figures. The code is provided in
Table 1.2.

In recent years, molecular genetical techniques have
been introduced into the study of human blood groups
and now most of the genes governing blood group
systems have been cloned and sequenced (Table 1.1).
Many serological complexities of blood groups are now
explained at the gene level by a variety of mechanisms,
including point mutation, unequal crossing-over, gene
conversion, and alternative RNA splicing.

Human Blood Groups, Third Edition. Geoff Daniels.
© 2013 Geoff Daniels. Published 2013 by Blackwell Publishing Ltd.
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Table 1.2 The 20 common amino aci
three-letter codes. o
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Discovery of the ABO blood groups first made blood
transfusion feasible and disclosure of the Rh antigens led
to the understanding, and subsequent prevention, of
haemolytic disease of the fetus and newborn (HDFN).
Although ABO and Rh are the most important systems
in transfusion medicine, many other blood group anti-
bodies are capable of causing a haemolytic transfusion
reaction (HTR) or HDEN. Red cell groups have been
important tools in forensic science, although this role was
diminished with the introduction of HLA testing and has
recently been displaced by DNA ‘fingerprinting. For
many years blood groups were the best human genetic
markers and played a major part in the mapping of the
human genome.

Blood groups still have much to teach us. Because red
cells are readily available and haemagglutination tests
relatively easy to perform, the structure and genetics of
the red cell membrane proteins and lipids are understood
in great detail. With the unravelling of the complexities
of blood group systems by molecular genetical tech-
niques, much has been learnt about the mechanisms
responsible for the diversification of protein structures
and the nature of the human immune response to pro-
teins of different shapes resulting from variations in
amino acid sequence.

The problem of providing a logical and universally agreed
nomenclature has dogged blood group serologists almost
since the discovery of the ABO system. Before going any
further, it is important to understand how blood groups
are named and how they are categorised into systems,
collections, and series.

1.2.1 An internationally agreed
nomenclature

The International Society of Blood Transfusion (ISBT)
Working Party on Red Cell Immunogenetics and Blood
Group Terminology was set up in 1980 to establish a
uniform nomenclature that is ‘both eye and machine
readable’. Part of the brief of the Working Party was to
produce a nomenclature ‘in keeping with the genetic
basis of blood groups’and so a terminology based prima-
rily around the blood group systems was devised. First
the systems and the antigens they contained were num-
bered, then the high and low frequency antigens received
numbers, and then, in 1988, collections were introduced.
Numbers are never recycled: when a number is no longer
appropriate it becomes obsolete.

Blood group antigens are categorised into 33 systems,
seven collections, and two series. The Working Party pro-
duced a monograph in 2004 to describe the terminology
[5], which was most recently updated in 2011 [6]. Details
can also be found on the ISBT web site [7].

1.2.2 Antigen, phenotype, gene and
genotype symbols
Every authenticated blood group antigen is given a six-
digit identification number. The first three digits repre-
sent the system (001 to 033), collection (205 to 213), or
series (700 for low frequency, 901 for high frequency); the
second three digits identify the antigen. For example, the
Lutheran system is system 005 and Lu®, the first antigen
in that system, has the number 005001. Each system also
has an alphabetical symbol: that for Lutheran is LU. So
Lu® is also LU0O1 or, because redundant sinistral zeros
may be discarded, LUl. For phenotypes, the system
symbol is followed by a colon and then by a list of anti-
gens present, each separated by a comma. If an antigen is
known to be absent, its number is preceded by a minus
sign. For example, Lu(a—b+) becomes LU:—1,2.

Devising a modern terminology for blood group alleles
is more complex. One antigen, the absence of an antigen,
or the weakness or absence of all antigens of a system
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may be encoded by several or many alleles. Over the last
few years the Working Party has been developing a new
terminology for bloods group alleles. Unfortunately at
the time of publication of this book, it was still incom-
plete, controversial, and in draft form. Consequently,
it has only partially been used in this book. Basically,
alleles have the system symbol followed by an asterisk
followed in turn by a number or series of numbers, sepa-
rated by full stops, representing the encoded antigen
and the allele number. Alternatively, in some cases a
letter can be used instead of a number. For example,
Lu® allele can be LUX0I or LU*A. Genotypes have the
symbol followed by an asterisk followed by the two
alleles separated by a stroke. For example, Lu®/Lu”
becomes LU*01/02 or LU*A/B. The letters N and M
represent null and mod. For example, one of the inactive
Lu" alleles responsible for a null phenotype is LU*02N.01,
the 02 representing the Lu’ allele, even though no Lu®
antigen is expressed. Genes, alleles, and genotypes are
italicised. For lists of blood group alleles in the ISBT
and other terminologies see the ISBT and dbRBC web
sites [7,8].

Symbols for all human genes are provided by the
Human Genome Organisation (HUGO) Gene Nomen-
clature Committee (HGNC) [9]. These often differ from
the ISBT symbols, as the HGNC symbols reflect the func-
tion of the gene product (Table 1.1). When referring to
alleles defining blood group antigens, the ISBT gene
symbol is preferred because the HGNC symbols often
change with changes in the perceived functions of the
gene product.

1.2.3 Blood group systems

A blood group system consists of one or more antigens,
governed by a single gene or by a complex of two or more
very closely linked homologous genes with virtually no
recombination occurring between them. Each system is
genetically discrete from every other blood group system.
All of the genes representing blood group systems have
been identified and sequenced.

In some systems the gene directly encodes the blood
group determinant, whereas in others, where the anti-
gen is carbohydrate in nature, the gene encodes a trans-
ferase enzyme that catalyses biosynthesis of the antigen.
A, B, and H antigens, for example, may all be located on
the same macromolecule, yet H-glycosyltransferase is
produced by a gene on chromosome 19 while the A-
and B-transferases, which require H antigen as an accep-
tor substrate, are products of a gene on chromosome
9. Hence H belongs to a separate blood group system

Table 1.3 Blood group collections.

No. ' ‘Name, ' 'Symbal: &
205  Cost CosT

207 1 1 .

208 'Br v Bl
209 S GIOR D
210 (Le & Lef) e 0
ol el CVELLE g
213  MNCHO

MNCHG 8

from A and B (Chapter 2). Regulator genes may affect
expression of antigens from more than one system:
In(Lu) down-regulates expression of antigens from both
Lutheran and P systems (Chapter 6); mutations in RHAG
are responsible for Rh,; phenotype, but may also cause
absence of U (MNS5) and Fy5 antigens (Chapter 5).
So absence of an antigen from cells of a null-phenotype
is never sufficient evidence for allocation to a system.
Four systems consist of more than one gene locus:
MNS has three loci; Rh, Xg, and Chido/Rodgers have
two each.

1.2.4 Collections

Collections were introduced into the terminology in 1988
to bring together genetically, biochemically, or serologi-
cally related sets of antigens that could not, at that time,
achieve system status, usually because the gene identity
was not known. Thirteen collections have been created,
six of which have subsequently been declared obsolete
(Table 1.3): the Gerbich (201), Cromer (202), and Indian
(203) collections have now become systems; Auberger
(204), Gregory (206), and Wright (211) have been incor-
porated into the Lutheran, Dombrock, and Diego systems,
respectively.

1.2.5 Low frequency antigens, the

700 series

Red cell antigens that do not fit into any system or col-
lection and have an incidence of less than 1% in most
populations tested are given a 700 number (see Table
29.1). The 700 series currently consists of 18 antigens.
Thirty-six 700 numbers are now obsolete as the corre-
sponding antigens have found homes in systems or can
no longer be defined owing to lack of reagents.
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1.2.6 High frequency antigens, the

901 series

Originally antigens with a frequency greater than 99%
were placed in a holding file called the 900 series, equiva-
lent to the 700 series for low frequency antigens. With the
establishment of the collections, so many of these 900
numbers became obsolete that the whole series was aban-
doned and the remaining high frequency antigens were
relocated in a new series, the 901 series, which now con-
tains six antigens (see Table 30.1). The 901 series antigen
Jr* and Lan became systems 32 and 33 in 2012 when their
genes were identified (Chapter 27).

1.2.7 Blood group terminology used in
this book

The ISBT terminology provides a uniform nomenclature
for blood groups that can be continuously updated and
is suitable for storage of information on computer data-
bases. The Terminology Working Party does not expect,
or even desire, that the numerical terminology be used
in all circumstances, although it is important that it
should be understood so that the genetically based clas-
sification is understood. In this book, the alternative,
‘popular’ nomenclature, recommended by the Working
Party [5], will generally be used. This does not reflect
a lack of confidence in the numerical terminology,
but is simply because most readers will not be well
acquainted with blood group numbers and will find the
contents of the book easier to digest if familiar names
are used. The numerical terminology will be provided
throughout the book in tables and often, in parentheses,
in the text.

The order of the chapters of this book is based on the
order of the blood group systems, collections, and series.
There are, however, a few exceptions, the most notable of
which are the ABO, H, and Lewis systems, which appear
together in one mega-chapter (Chapter 2), because they
are so closely related, biochemically.

Blood groups have played an important role as human
gene markers. In 1951, when the Lutheran locus was
shown to be genetically linked to the locus controlling
ABH secretion, blood groups were involved in the first
recognised human autosomal linkage and, consequently,

the first demonstration of recombination resulting from
crossing-over in humans [10,11]. When, in 1968, the
Duffy blood group locus was shown to be linked to an
inherited visible deformity of chromosome 1, it became
the first human gene locus assigned to an autosome [12].
Since all blood group system genes have now been
sequenced, all have been assigned to a chromosome
(Table 1.1, Figure 1.1).

Since the discovery of blood groups in 1900, most blood
group testing has been carried out by serological means.
With the application of gene cloning and sequencing of
blood group genes at the end of the twentieth century,
however, it became possible to predict blood group phe-
notypes from the DNA sequence. The molecular bases for
almost all of the clinically significant blood group poly-
morphisms have been determined, so it is possible to
carry out blood grouping by DNA analysis with a high
degree of accuracy.

There are three main reasons for using molecular
methods, rather than serological methods, for red cell
blood grouping:

1 when we need to know a blood group phenotype, but
do not have a suitable red cell sample;

2 when molecular testing will provide more or better
information than serological testing; and

3 when molecular testing is more efficient or more cost
effective than serological testing.

1.4.1 Clinical applications of molecular
blood grouping

A very important application is determination of fetal
blood group in order to assess the risk of HDFN. This is
a non-invasive procedure carried out on cell-free fetal
DNA in the maternal plasma, which represents 3-6% of
the cell-free DNA in the plasma of a pregnant woman
[13]. This technology is most commonly applied to RhD
typing (Section 5.7), but also to Rh C, ¢, and E, and K of
the Kell system.

Molecular methods are routinely used for extended
blood group typing (beyond ABO and RhD) on multiply
transfused patients, where serological methods are unsat-
isfactory because of the presence of transfused red cells.
These patients are usually transfusion dependent and
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2 3 4 5 6
{ RHD, RHCE ?{i:T(ZB ;l))
P C4A, C4B (CHIRG)
RHAG
ABCG2
GYPC e
DARC (FY) B3GALNT1 GYPE
(GLOB) . (mNs)
CD55 (CROM)
CR1 (KN) ABCB6
(LAN)

7 8 9 10 11 12
C1GALT1C1 (Tn) B CD151 (RAPH) A(ZTJ
AQP1 (CO) CD44 (IN) )

- CD59
= AQP3 (GIL)
ACHE (YT)
GBGT1 (FORS)
|| aBo
= 18 FUT3 (LE)
2 BSG (OK)
SLC14A1 ICAM4 (LW)
SLC4A1 K EKLF (In(Lu))
(DI) BCAM (LU)
siﬂm" FUT1, FUT2
(H, Secretor)

Figure 1.1 Human male chromosomes, showing location of blood group and related genes.

knowledge of their blood groups means that matched
blood can be provided in an attempt to save them from
making multiple antibodies and, if the patient is already
immunised, to facilitate antibody identification. Molecu-
lar methods can be used for determining blood group
phenotypes on red cells that are DAT-positive (i.e. coated
with immunoglobulin), which makes serological testing
difficult. This is particularly useful in helping to identify

underlying alloantibodies in patients with autoimmune
haemolytic anaemia (AIHA).

There are numerous variants of D. Some result in loss
of D epitopes and some in reduced expression of D; most
probably involve both (Section 5.6). Individuals with
some of these variant D antigens can make a form of
alloanti-D that detects those epitopes lacking from their
own red cells. In many cases D variants cannot be



Human Blood Groups: Introduction 7

distinguished by serological methods, so molecular
methods are often used for their identification. This
assists in the selection of the most appropriate red cells
for transfusion in order to avoid immunisation whilst
conserving D-negative blood. There are some rare D anti-
gens, such as DEL, that are not detected by routine sero-
logical methods. Consequently, blood donors with these
phenotypes would be labelled as D-negative, although
evidence exists that transfusion of DEL red cells can
immunise a D-negative recipient to make anti-D. As DEL
and other very weak forms of D are associated with the
presence of a mutated RHD gene, they can be detected by
molecular methods. In some transfusion services all
D-negative donors are tested for the presence of RHD,
although this is still not generally considered necessary
(Section 5.6.9).

Molecular tests can be used for screening for donors
when serological reagents are of poor quality or in short
supply. For example, anti-Do® and -Do" have the poten-
tial to be haemolytic, yet satisfactory reagents are not
available for finding donors for a patient with one of
these antibodies (Chapter 14). Some Rh variants, such
as hr’-negative and hr’-negative, are relatively common
in people of African origin but are difficult to detect
serologically (Section 5.9.5). Molecular tests are often
employed to assist in finding suitable blood for patients
with sickle cell disease, to reduce alloimmunisation and
the risks of delayed HTRs [14,15].

Molecular methods are extremely useful in the blood
group reference laboratory for helping to solve serologi-
cal difficult problems.

In most countries, all blood donors are tested for ABO
and D, but often a proportion of the donors are also
tested for additional blood group antigens, especially C,
¢, E, e, and K, but sometimes also C*, M, S, s, Fy*, Fy", Jk?,
and Jk®. This testing is usually performed by automated
serological methods, but it is likely that in the future these
serological methods will be replaced by molecular
methods [16-18]. Molecular typing for this purpose has
already been introduced in some services [19,20]. Molec-
ular methods are more accurate than serological methods,
they are more suited to high-throughput methods, and
they are either cheaper or are likely to become so in the
near future. This provides justification for a switch of
technologies.

1.4.2 Current and future technologies

Laboratories performing blood group testing on cell-free
fetal DNA in the maternal plasma generally use real-
time quantitative PCR with Tagman technology, but

an alternative technology that is becoming available in-
volves the application of matrix-assisted laser desorption/
ionisation time-of-flight (MALDI TOF) mass spectrom-
etry [21].

For other applications of molecular blood grouping,
many laboratories use methods traditionally applied to
single nucleotide polymorphism (SNP) testing, involving
PCR with the application of restriction enzymes or
PCR with allele-specific primers, followed by gel electro-
phoresis. Other technologies that are becoming more
commonly used involve the application of allele-specific
extension of primers tagged with single fluorescent nu-
cleotides, pyrosequencing, DNA microarray technology,
on chips or coloured beads coated with oligonucleotides,
and MALDI TOF [18,22]. The future of molecular blood
grouping and of molecular diagnostics probably lies with
next generation (massively parallel) sequencing, which
will be truly high-throughput [23,24]. Next generation
sequencing is an extremely powerful technology that pro-
vides the capacity to sequence many regions of the
genome in numerous different individuals in one run,
including fetal DNA from maternal plasma [25].

For the half-century following Landsteiner’s discovery,
human blood groups were understood predominantly
as patterns of inherited serological reactions. From the
1950s some structural information was obtained through
biochemical analyses, firstly of the carbohydrate antigens
and then of the proteins. In 1986, GYPA, the gene encod-
ing the MN antigens, was cloned and this led into the
molecular genetic era of blood groups. A great deal is now
known about the structures of many blood group anti-
gens, yet remarkably little is known about their functions
and most of what we do know has been deduced from
their structures. Functional aspects of blood group anti-
gens are included in the appropriate chapters of this
book; provided here is a synopsis of the relationship
between their structures and putative functions. The
subject is reviewed in [26] and computer modelling of
blood group proteins, which gives detailed information
about protein structure, is reviewed in [27].

1.5.1 Membrane transporters
Membrane transporters facilitate the transfer of biologi-
cally important molecules in and out of the cell. In the
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red cell they are polytopic, crossing the membrane several
times, with cytoplasmic N- and C-termini, and are N-
glycosylated on one of the external loops. Band 3, the
Diego blood group antigen (Chapter 10) is an anion
exchanger, the Kidd glycoprotein (Chapter 9) is a urea
transporter, the Colton glycoprotein is a water channel
(Chapter 15), the Gill glycoprotein is a water and glycerol
channel (Chapter 26), and the Lan and Junior glycopro-
teins are ATP-fuelled transporters of porphyrin and uric
acid (Chapter 27). Band 3 is at the core of a membrane
macrocomplex, which contains the Rh proteins and the
Rh-associated glycoprotein, which probably function as
a CO, channel (Chapters 5 and 10).

1.5.2 Receptors and adhesion molecules
The Duffy glycoprotein is polytopic, but has an extracel-
lular N-terminus. It is a member of the G protein-coupled
superfamily of receptors and functions as a receptor for
chemokines (Chapter 8).

The glycoproteins carrying the antigens of the Lutheran
(Chapter 6), LW (Chapter 16), Scianna (Chapter 13), and
Ok (Chapter 22) systems are members of the immu-
noglobulin superfamily (IgSF). The IgSF is a large family
of receptors and adhesion molecules with extracellu-
lar domains containing different numbers of repeating
domains with sequence homology to immunoglobulin
domains. The functions of these structures on red cells
are not known, but there is evidence to suggest that the
primary functional activities of the Lutheran and LW
glycoproteins occur during erythropoiesis, with LW
probably playing a role in stabilising the erythropoietic
islands.

The Indian antigen (CD44), a member of the link
module superfamily, functions as an adhesion molecule
in many tissues, but its erythroid function is unknown
(Chapter 21). The glycoproteins of the Xg (Chapter 12)
and JMH (Chapter 24) systems also have structures that
suggest they could function as receptors and adhesion
molecules. The Raph antigen, a tetraspanin, may associ-
ate with integrin in red cell progenitors to generate com-
plexes that bind the extracellular matrix (Chapter 23).

1.5.3 Complement regulatory
glycoproteins

Red cells have at least three glycoproteins that function
to protect the cell from destruction by autologous com-
plement. The Cromer glycoprotein, decay-accelerating
factor (Chapter 19), and the Knops glycoprotein, com-
plement receptor-1 (CR1) (Chapter 20), belong to the
complement control protein superfamily; CD59 is not

polymorphic and does not have blood group activity
(Chapter 19). The major function of red cell CR1 is to
bind and process C3b/C4b coated immune complexes
and to transport them to the liver and spleen for removal
from the circulation.

1.5.4 Enzymes

Two blood group glycoproteins have enzymatic activity.
The Yt glycoprotein is acetylcholinesterase, a vital enzyme
in neurotransmission (Chapter 11), and the Kell glyco-
protein is an endopeptidase that can cleave a biologically
inactive peptide to produce the active vasoconstrictor,
endothelin (Chapter 7). The red cell function for both of
these enzymes is unknown. The Dombrock glycoprotein
belongs to a family of ADP-ribosyltransferases, but there
is no evidence that it is an active enzyme (Chapter 14).

1.5.5 Structural components

The shape and integrity of the red cell is maintained by
the cytoskeleton, a network of glycoproteins beneath the
plasma membrane. At least two blood group glycopro-
teins anchor the membrane to its skeleton: band 3, the
Diego antigen (Chapter 10), and glycophorin C and its
isoform glycophorin D, the Gerbich blood group antigens
(Chapter 18). Mutations in the genes encoding these pro-
teins can result in abnormally shaped red cells. In addi-
tion, there is evidence that glycoproteins of the Lutheran
(Chapter 6), Kx (Chapter 7), and RHAG (Chapter 5)
systems interact with the cytoskeleton and their absence
is associated with some degree of abnormal red cell
morphology.

1.5.6 Components of the glycocalyx

Glycophorin A, the MN antigen (Chapter 3), band 3 are
the two most abundant glycoproteins of the red cell
surface. The N-glycans of band 3, together with those of
the glucose transporter, provide the majority of red cell
ABH antigens, which are also expressed on other glyco-
proteins and on glycolipids (Chapter 2). The extracellular
domains of glycophorin A and other glycophorin mole-
cules are heavily O-glycosylated. Carbohydrate at the red
cell surface constitutes the glycocalyx, or cell coat, an
extracellular matrix of carbohydrate that protects the cell
from mechanical damage and microbial attack.

1.5.7 What is the biological significance
of blood group polymorphism?

Very little is known about the biological significance of
the polymorphisms that make blood groups alloanti-
genic. In any polymorphism one of the alleles is likely to
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have, or at least to have had in the past, a selective advan-
tage in order to achieve a significant frequency in a large
population, though genetic drift and founder effects
may also have played a part [28]. Glycoproteins and gly-
colipids carrying blood group activity are often exploited
by pathogenic micro-organisms as receptors for attach-
ment to the cells and subsequent invasion; surviving
malaria possibly being the most significant force affecting
blood group expression. In some cases, however, selection
may have nothing to do with red cells; the target for the
parasite could be other cells that carry the protein. It is
likely that most blood group polymorphism is a relic of
the selective balances that can result from mutations
making cell surface structures less suitable as pathogen
receptors and resultant adaptation of the parasite in
response to these selective pressures. It is important
to remember that whilst blood group polymorphism
undoubtedly arose from the effects of selective pressures,
these factors may have disappeared long ago, so that
little hope remains of ever identifying them. To quote
Darwin (The Origin of Species, 1859), ‘The chief part of
the organisation of any living creature is due to inherit-
ance; and consequently, though each being assuredly
is well fitted for its place in nature, many structures
have now no very close and direct relations to present
habits of life’.
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