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confusing. The effort of the ISBT working party (mentioned above) to find 
a more organised terminology has resulted in a numerically based 
nomenclature that genetically classifies the blood group antigens. This is 
mostly used for database work so the ISBT has also generated a 
recommended list of alternative names for antigens to facilitate the use of a 
more unified but still easy-to-use vocabulary for publications and everyday 
work.13 

In this thesis the recommended terminology will be used, in addition to the 
traditional names. 

For easy access to both serological features and genetic variation the Blood 
Group Antigen Gene Mutation Database is available and updated regularly. 
Unfortunately, the terminology used in this database is not completely in 
coherence with the recommendations from the ISBT working party. For 
details see http://www.ncbi.nlm.nih.gov/projects/gv/mhc/xslcgi.cgi?cmd 
=bgmut/home.14 A recent textbook summarises and uses the new 
terminology.15 

Antigens and antibodies 

Presence on the erythrocyte, whether innate or adsorbed, is a prerequisite 
for a blood group antigen. Antigens of the RH and MNS blood group 
systems (among others) are relatively restricted to RBCs only, whereas 
other antigens of different blood groups e.g. ABO and P1PK are more 
widely distributed15. When expressed in different cells and tissues 
throughout the body the antigens are considered to belong to a histo-blood 
group system.16,17 Antigens of the LE and CH/RG systems are produced by 
non-erythroid cells and later adsorbed to the RBC membrane where they 
are considered blood group antigens.18-20 

With the introduction of molecular biology blood group genes were cloned 
and the genetic basis of antigens identified. Many of these are the direct 
product of a gene expressed in erythroid tissue i.e. endogenous protein-
based antigens whilst other blood group genes encode enzymes, 
glycosyltransferases (GT), that reside in Golgi19. The action of such blood 
group gene products is to catalyse addition of a terminal monosaccharide 
to a defined precursor chain. The product of this enzymatic reaction then 
forms a carbohydrate antigen, a structure carried by glycoproteins or 
glycolipids on the RBC membrane. 

http://www.ncbi.nlm.nih.gov/projects/gv/mhc/xslcgi.cgi
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Structure and function 

Many proteins, glycoproteins and glycolipids present in the membrane 
serve a purpose at some stage in the development of the erythrocyte, 
during its lifecycle or in its interaction with the surrounding environment. 
The function of different blood-group-carrying molecules has been 
elucidated in some cases, whereas others remain unknown or have been 
suggested a putative function.31-34 These may be active during 
erythropoiesis although this will not be discussed further. Biochemical 
information on blood groups has become available from the 1950s and 
onwards and in more recent years when molecular biology became 
accessible, the cloning of blood group genes has added to that information. 
When the amino acid sequence became available (most often via the 
nucleotide sequence) it also became feasible to create structural models of 
blood group molecules. These models made it possible to compare some 
blood-group-bearing proteins and glycoproteins to homologous proteins 
with known function and hence deduce a likely physiological role. As will 
be evident from this thesis, enzymes capable of synthesizing carbohydrate 
blood group epitopes have also been crystallized and their functions 
dissected, partially with the help of naturally-occurring mutants.  

In the two blood group systems that are considered to be the most 
important in clinical transfusion medicine, namely ABO and RH, the null 
phenotype is quite common in one (blood group O of the ABO system) 
whilst Rhnull is extremely rare. Instead, it is the deletion of one of the two 
RH system genes, RHD, which causes a null-like phenotype specifically for 
the RhD protein. In a selected Caucasian populations for example, 
approximately 40-45% of the population are blood group O and ~15% are 
RhD-negative. In certain Amerindian populations, group O is very 
common, almost reaching 100% in certain Amazon Indian tribes.15 In the 
newly discovered blood group system FORS (described in this thesis), the 
null phenotype is by far the most common and individuals carrying the 
FORS1 antigen are actually very rare in the populations studied so far.35 In 
other blood group systems though, individuals displaying homozygosity for 
an inactivating mutation giving rise to a null phenotype are uncommon. 
These unusual cases are the equivalent of a knock-out model and can 
provide information regarding the significance of the absent red cell 
membrane component. There are few reports of diseases directly caused by 
a blood group null phenotype, which suggests that overlapping/alternative 



http://en.wikipedia.org/wiki/Peripheral_neuropathy
http://en.wikipedia.org/wiki/Cardiomyopathy
http://en.wikipedia.org/wiki/Hemolytic_anemia
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Orphan and emerging antigens 

The concept of orphan and emerging antigens is relatively new and can be 
defined in the following way: Orphan antigens are members of the 
Collections, 700 series or 901 series but they have not fulfilled the criteria 
for inclusion in an established blood group system. This means that they 
have no known genetic home (locus). Often, their carrier molecule is 
therefore also unknown. Emerging blood group antigens are previously 
unrecognised blood group antigens, not previously acknowledged by ISBT 
and can be either newly-discovered or known structures not earlier thought 
to reside on RBCs, or not known to be lacking in some individuals. 
Depending on how well an emerging antigen has been defined, it may be 
included in an existing blood group system or possibly form a system of its 
own. Alternatively, it can be included in either one of the Collections or 
series. For instance, at the ISBT working party meeting in Berlin 2010, 14 
new blood group antigens emerged and were added to 10 existing blood 
group systems.13 

Another emerging antigen was also recognised in 2010.  The x2 glycolipid 
structure had been known for many years42,43 but was put forward as a 
blood group antigen when it was realised that certain individuals lack it 
and have made antibodies against it.13 Correlation with the proposed 
responsible gene has not been fully shown as yet.44 The PX2 antigen was 
therefore included in collection 209, GLOB, and is now considered an 
orphan antigen. Another example of an emerging antigen is the 
carbohydrate antigen NOR, which was recently included in blood group 
system number 003, P1PK. Suchanowska et al.45 showed that the 
glycosyltransferase responsible for making the Pk and P1 antigens could 
also make the NOR antigen, as an extension of the P (Gb4) antigen. This is 
due to a SNP in the A4GALT gene that gives rise to a glycosyltransferase 
with broadened acceptor specificity, hence a new antigen could be formed. 

Prior to the biannual international ISBT meeting in July 2012, there were 
30 blood group systems acknowledged by the ISBT but at the working 
party meeting, three more systems were approved: FORS (031)46 
containing an emerging antigen, FORS1, which is a story that will be 
reviewed in more detail in this thesis, JR (032)47,48 and LAN (033).49 Jra 
and Lan, high-prevalence orphan antigens previously included in the 901 
series, were shown to be carried on different ABC-transporters, and the 
genetic mechanisms for the antigen-negative phenotypes elucidated. Thus, 
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they were promoted to form their own group systems. Very recently, 
another high-prevalence antigen, Vel, was shown to depend on a previously 
uncharacterized erythroid type I protein designated SMIM1.50-52 
Accordingly, Vel with its underlying gene has now been given a provisional 
system number (034), while waiting for the next ISBT working party 
meeting. 

Disease associations 

The most obvious association between blood groups and disease are the 
clinical adverse effects on patients in the context of transfusion, HTR, or in 
the case of alloimmunised pregnant women, the risk of HDFN.21 In 
addition to this, transplant rejection can also be due to blood group 
incompatibility.53 
Table 1. Relationship between selected pathogenic microorganisms and blood 
group antigens. 
 
Blood groups/ 

antigens Microorganism Disease Reference 

 Parasites   
ABO, MNS Plasmodium falciparum Malaria 54-57

 

Duffy 
CR1 

Plasmodium vivax 
Plasmodium falciparum 

Malaria 
Malaria 

58
 

59 
 Bacteria   

P1, Pk Escherichia coli UTI 60-62
 

P Escherichia coli UTI 63
 

Dra (Cromer) Escherichia coli UTI 60
 

Leb Helicobacter pylori Gastritis 64
 

Lu(a-b-), AnWj- Haemophilus 
Influenzae URI 

65
 

H, Leb Burkholderia ambifaria Lung infection 66
 

ABO, LE Vibrio cholerae Cholera 67
 

 Virus   
P Parvovirus B19 Fifth disease 68,69

 
Pk HIV AIDS 70

 
H/Leb Norovirus Gastroenteritis 71,72

 

ABO LE H Rotavirus Infantile 
gastroenteritis 

73,74
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Attempts to associate other types of disease/trait with different blood 
groups have been made since the early days of transfusion medicine and 
are still on-going. Certain blood group phenotypes constitute risk factors 
for a multitude of different diseases including cancer, cardiovascular 
disease and numerous infectious diseases.75,76 Blood groups, particularly 
carbohydrate antigens, have been found to be ligands for a variety of 
parasites, bacteria and viruses (Table 1). Many more disease linkage and 
pathogen connections have been made than the examples briefly described 
here.  

As discussed by Weatherall,77 Anstee76 and Cserti and Dzik55 among others, 
malaria seems to be one of the most powerful selective forces influencing 
blood groups in an evolutionary perspective. Studies have shown that the 
most virulent species of the malaria parasites, Plasmodium falciparum, 
leads to a more severe form of cerebral malaria in non-O than in group O 
individuals.54 The parasite rosetting ligand PfEMP1 has been shown to bind 
to the A/B antigens and subsequently form rosettes where an infected 
erythrocyte binds to uninfected cells.78 The rosetting is linked to severity of 
disease and in group O individuals, while rosettes are formed, these are 
smaller and more easily disrupted.54 Recently an additional mechanism to 
the advantage of group O individuals in resistance to severe malaria was 
suggested: Wolofsky et al. showed that infected group O erythrocytes are 
more efficiently phagocytosed by macrophages than infected A and B 
erythrocytes which may contribute to a reduced parasite burden for group 
O individuals.56 However, ABO does not seem to influence the invasion 
stage but instead, yet other blood group molecules serve as entry points for 
the parasite during infection, e.g. glycophorins A and B (P. falciparum) 
and Duffy (P. vivax).57,58 

E. coli which is one of the more common reasons for urinary tract infection 
(UTI), adheres to cells expressing the P1, Pk, P and LKE antigens through P 
fimbriae and their PapG adhesins.61-63,79 Some E. coli strains (including 
enterohemorrhagic E. Coli, EHEC) produce verotoxins for which the Pk 
antigen is known to be a ligand.80 Human rotavirus, which can cause severe 
infantile gastroenteritis, has been shown to bind to either A type 1, H type 1 
or Leb depending on strain.73,74 Studies have also found that the Pk antigen 
protects against HIV infection in vitro whilst cells from individuals with 
the p phenotype (lacking a functional A4GALT glycosyltransferase and thus 
not able to synthesise the Pk antigen) have a significantly increased 





http://www.cazy.org/Glycosyl
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The membrane-bound GTs are present in the different Golgi 
compartments where they sequentially and specifically catalyse addition of 
one sugar to another sugar on a glycoprotein or glycolipid acceptor. Every 
addition of a sugar creates a new acceptor for the next GT in line in the 
glycosylation pathway. The donor sugar substrates utilized are often 
activated in the form of nucleotide sugars e.g. UDP-Gal or GDP-fucose 
(Fuc). These are synthesised in the cytoplasm and imported to Golgi via 
membrane transporters. The spectrum of glycosyltransferases present in 
Golgi is not static and the effect of glycosylation varies with cell type. 
Terminal modification of glycoproteins and glycolipids are often regulated 
in a tissue or cell lineage manner.26,89  

Structure and function 

Glycosyltransferases are classified into families by similarities in amino 
acid (aa) sequence,90 and there are currently 91 such families listed in the 
CAZy database.  The function and the specificity of the GTs can sometimes 
be predicted by the aa sequence although there are examples of GTs with 
very similar sequences where the specificity for either the donor or the 
acceptor substrate differs. Good examples are the highly homologous ABO 
GTs, glycosyltransferase A (GTA) and B (GTB) which use the same 
acceptor, the H antigen, but differ in donor specificity from N-acetyl-D-
galactosamine for blood group A to D-galactose for blood group B despite 
~99% aa homology between GTA and GTB.91 

Glycosyltransferases are type II integral transmembrane proteins that 
typically have a short amino-terminal cytoplasmic tail, a hydrophobic 
transmembrane domain, a short stem region where a protease-cleavage 
site is situated and finally a large C-terminal globular catalytic domain on 
the luminal side of Golgi. Two main folds are known, GT-A and GT-B (not 
to be mixed up with GTA and GTB mentioned above) and in addition to 
that they can be either inverting or retaining enzymes.26,92 Many GTs can 
be solubilized via the protease cleavage site in their stem region and 
secreted out of the cell.89,93 These enzymes are catalytically active but lack 
the N-terminal and the hydrophobic transmembrane domain.26 (Figure 3) 
The release of GTs to the extracellular compartment might be a way to 
regulate their activity in Golgi or possibly to permit them to act at the cell 
surface. The availability of nucleotide sugars outside the cell has been 
questioned but a few years ago Sesma et al.94 reported that nucleotide 
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sugar transporters in Golgi can facilitate release of nucleotide sugar to the 
extracellular environment.     

 

Figure 3.  ABO glycosyltransferase. The topology of the transferase is shown as 
Golgi-localised membrane-bound enzyme with a cytoplasmic N-terminus and 
catalytic C-terminal domaine (modified from Paulsen &Colley)95. Figure courtesy 
Dr. Bahram Hosseini-Maaf 

The catalytic domain of the GT contains an enzymatically-active cleft which 
has an acceptor-recognition site that binds the acceptor molecule and a 
donor-recognition site which binds the nucleotide-donor sugar. Many GTs 
(GT-A fold family) have a metal ion binding DXD motif and are dependent 
on a divalent cation.26,87,92 The DXD motif is highly conserved but not 
invariant. It has been shown through labelling experiments to have an 
important role in the interaction with the nucleotide part of the  donor 
nucleotide sugar through the coordination of the divalent cation, typically 
Mn2+ but Mg2+ can also be used, and interaction with phosphate groups.96 

Dimer formation or multimeric complexes of GTs have been suggested to 
retain the enzymes in specific subcompartments of the Golgi. This is 
thought to enable them to remain in their expected order of function.97 
More lately, reports have suggested that these dimer formations increase 
the specificity and efficiency of the glycosylation process by physically 
joining together relevant GTs as reviewed by de Graffenried.98 In 2010 
Hassinen et al.99  elegantly showed for the first time that a group of GTs 
relevant for N-glycosylation form either homodimers or functionally 
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Table 2. Characteristics of the most investigated members of the human GT6 gene 
family. Ch.location refers to chromosome location. 
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The ABO Blood Group System  

The importance of the ABO blood group system in transfusion medicine is 
unquestionable and one of the major risks for fatalities is still transfusion 
of the wrong ABO group.23,24 Although rare it has been reported that 
transfusion of RBCs expressing weaker than normal antigen levels e.g. Ax 
can cause adverse transfusion reactions.116 Thus, correct typing of both 
patients and blood donors is essential. The resolution of weak and unusual 
phenotypes can sometimes be challenging both serologically as well as 
defining the genetic background. Elucidating the complex world of ABO 
with its many sides, serology, glycobiology, enzymology, genetic studies 
and so forth, has been an effort carried out during more than a century by 
many famous investigators. To summarise the whole (hi)story of ABO is 
impossible in only a few pages but the aim has been to include some of the 
most important discoveries and findings throughout the years. 

ABO antigens 

Normal expression 

There are four different antigens assigned in the ABO blood group system 
(ISBT 001) and thus recognized by the ISBT working party. They are A, B, 
A1 and A,B and are accordingly defined by the corresponding antibody 
specificities. The ability to express these antigens is inherited in a co-
dominant fashion, i.e. the phenotype expressed will correlate to the alleles 
present at the ABO locus.15 The most common phenotypes with their 
corresponding antibodies are shown in Table 3. In addition to the common 
phenotypes there are many reports of weak and aberrant expression and 
this is in many cases due to alterations in the ABO gene (this will be 
reviewed in more detail later). In erythroid tissue ABO antigens are mainly 
found as N-linked glycans on RBC glycoproteins like Band 3, the glucose 
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Figure 5. Oligosaccharide chains harbouring the A and B antigens (grey boxes) as 
well as other related structures (white boxes). If the responsible gene is known, its 
name is given in brackets below the implicated enzyme.  
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A1 versus A2 

The two most common subgroups of A are A1 and A2 and they were 
recognized as early as in 1911 by von Dungern and Hirszfield.134 There is a 
clear quantitative difference where A1 RBCs express approximately five 
times the amount of A antigen than A2 does.20,135  The debate throughout 
the years has been regarding the qualitative differences of the 
oligosaccharide chains. It was shown in the 1970s that the A1 and A2 
glycosyltransferases were qualitatively different with a pH optimum at 5.6 
for A1 and 7-8 for A2. A1 also showed a lower Km for acceptors hence a 
higher affinity for the substrate. The iso-electric point also differs between 
the A1 and A2 GTs.136,137 Investigation into the carbohydrate structures 
revealed presence of type 3 chains, repetitive A and type 4 chains, globo-A 
on A1 erythrocytes of which neither, or at least at very low levels, could be 
detected on A2 RBCs. The presence on A2 RBCs of the precursors, H type 3 
and H type 4, globo-H on A2 RBCs suggest inability of the A2 enzyme to 
convert these structures to A. This has been proposed to be the qualitative 
difference between A1 and A2 phenotypes.138,139 Somewhat contradictory, 
Svensson et al.140 reported in 2008 that the only significant difference in 
glycolipid expression between A1 and A2 is the absence of A type 4, globo-A, 
and presence of globo-H in A2. The equal levels of A type 3, repetitive A, 
detected (when compensating for the lower amount of  A on A2 cells) 
indicates that the A2 GT is able to covert H type 3 to A type 3 but not H type 
4, globo-H. This is in contrast to previous reports so the question about 
qualitative difference between A1 and A2 is probably still open. Our own 
unpublished data using monoclonal anti-A type 3 (clone TH1) by flow 
cytometry indicate that there is much more of this epitope exposed on A1 
RBCs compared to A2, in which it is barely detectable. The genetic 
differences underlying A1 vs. A2 phenotypes will be discussed in the next 
section.  
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The ABO gene 

The gene 

The gene encoding the glycosyltransferases of the ABO blood group system 
is located on the long arm of chromosome 9 (9q34). The chromosomal 
assignment was made in 1976141 and later confirmed by fluorescence in situ 
hybridization(FISH).142 Following isolation and purification of GTA from 
human lung tissue, the first cloning of cDNA representing mRNA from 
group A transferase was performed by Yamamoto et al.91,132 The ABO gene 
consists of seven exons142,143 spanning about 19.5 kb. The 1062 base pairs 
(bp) encode a 354-aa sequence corresponding to a 41-kDa protein. Exons 6 
and 7 are the two longest and contain 77% of the whole open reading frame 
(ORF) and ~90% of the soluble, enzymatically-active GT. These two exons 
correspond to 274 of the 354 aa that constitutes GTA/GTB (Figure 6). 

 

 

 
Figure 6. Organisation of the ABO gene. The seven exons are drawn to scale 
whereas the introns are not. The numerals above the boxes represent the number 
of nucleotides in each exon and those below correspond to the introns. The white 
boxes show the corresponding aa numbers. 

Common alleles 

There are several alleles giving rise to normal expression of ABO antigens 
indicating that neutral SNPs that do not affect enzyme activity are not 
uncommon in the ABO gene. In these phenotypes expressing normal levels 
of A or B antigen, some of the SNPs are silent, i.e. do not cause an amino 
acid changes. However, there are many examples of missense mutations 
but the impact on the GT, if any, does not seem significant enough to 
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decrease the antigen density so that it is detectable in routine blood group 
typing assays. After all, it is possible that also slightly suboptimized GTA or 
GTB will be able to convert the limited number of H antigen precursors.  

The frequency of common alleles varies between different populations and 
world-wide, blood group O is the most common. Some populations, such as 
Native American Indians, are almost exclusively blood group O. A alleles 
are more frequent in populations in Northern and central Europe whereas 
B alleles are more common in Asia. The A2 phenotype is rare in South East 
Asia, relatively high in Europe, Africa, South Western Asia and most 
common in the Sami population of Northern Scandinavia.144 The diversity 
of ABO groups among different populations is, as previously discussed, 
probably caused by selection pressure due to pathogens. 

The six most common alleles in Caucasian population groups are briefly 
presented here. The A1 allele (ABO*A1.01) is considered the consensus 
allele to which all other alleles are compared (Figure 7). It can be noted 
that there are several other A1 alleles reported.15 The A2 allele (ABO*A2.01) 
which gives rise to one of the two most common subgroups of A differ from 
the A1 allele by a deletion of one of three consecutive cytosines between 
positions 1059 and 1061.145 This alters the ORF and abolishes the normal 
stop codon resulting in an enzyme product containing an additional 21 aa 
and displaying qualitative differences compared to the GTA produced by 
the A1 allele. In a Caucasian population the 467C>T (P156L) SNP is most 
often present in the A2 allele but this aa change does probably not impact 
the enzyme activity in a major way. The 467C>T SNP is also present in an 
alternative A1 allele (ABO*A1.02) that gives rise to a normal A1 phenotype 
(this is the predominant A allele in Asia). The A2 phenotype has also been 
reported in connection with alleles not carrying the 1061delC SNP and to a 
variety of genetic backgrounds.14,15 

The B allele differs from A1 in seven positions of which three are silent 
mutations (297A>G, 657C>T and 930G>A) and four are missense 
mutations (526C>G, 703G>A, 796C>A and 803G>C) leading to aa changes 
within the coding region.91 In addition, an eighth substitution (1096G>A) 
just downstream of the stop codon but part of the mRNA has been utilized 
for ABO genotyping purposes.146 The aa changes lead to altered substrate 
specificity for GTB compared to GTA, i.e. the terminal monosaccharide 
added is Gal instead of GalNAc. The two positions shown to be most 
responsible for the change in donor specificity are 796C>A (Leu266Met) 
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and 803G>C (Gly268Ala)147 whereas the other two aa changes have been 
suggested to have a part in acceptor binding and turnover rate.148 

 

Figure 7. Schematic presentation of the ORF of five common ABO alleles. Light 
grey bars represent translated non-A1 consensus. Amino acid changes are seen (the 
dark grey squares) in comparison to the corresponding residues translated by the 
consensus A1 allele (top white squares). White vertical bars indicate nucleotide 
positions and nucleotide change are seen in the lower bar. (lower white squares). 
 
 

The most common variant of the O allele (ABO*O.01.01, previously also 
termed O1 or O01) differs only from the consensus sequence by a single 
nucleotide deletion in exon 6 (261delG) that results in a premature stop 
codon after aa 117.91 The encoded protein (if any) is severely truncated, 
non-functional and lacks the globular domain with the enzymatically active 
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