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LETTER TO THE READERS
Introduction to the review articles
We celebrate the 20th anniversary of
Immunohematology this year by publishing four
special issues that are primarily devoted to review
articles. The reviews in this, the first, issue focus on the
major RBC blood group systems. Each blood group
system is genetically discrete and consists of one or
more antigens. The antigens are surface markers on the
outside of the RBC membrane and are proteins and
carbohydrates attached to lipid or protein. Exposure to
RBCs carrying an antigen lacking on the RBCs of the
recipient can elicit an immune response in some
people. The ability to detect and identify blood group
antigens and antibodies by simple hemagglutination
techniques is the foundation of safe, supportive blood
transfusion practice and the appropriate management
of pregnancies at risk for HDN.
Currently there are 29 blood group systems,
containing 229 antigens, recognized by the
International Society of Blood Transfusion (ISBT).
Twenty
years
ago,
at
the
launch
of
Immunohematology, there were 16 systems with 144
antigens and quite a collection of antigens waiting to
be assigned to systems, pending the discovery of new
information about their relationship to the established
systems. During the last 10 to 15 years, major
advances, particularly at the molecular level, have
occurred in our understanding of blood group
antigens, the structures that carry them, and the red
cell membrane that houses them. The study of people
who have a null phenotype for a certain blood group
system and thus have RBCs that lack or have altered
membrane protein(s) has provided a key to the
function of that protein. The reviews in this issue, each
in a unique way, address the exciting findings of recent
years and consider the molecular events that generate
diversity in blood group antigens and phenotypes and
relate them back to possible applications at the clinical
level.
The discovery of the ABO groups at the beginning
of the 20th century made blood transfusion possible.
Therefore, it is fitting that ABO is the first system to be
reviewed and that Dr. Fumiichiro Yamamoto, who was
a member of the team that cloned the ABO genes, does
so. Dr. Yamamoto’s article begins with Landsteiner’s
work, then guides us through the elucidation of the

biochemical nature of the ABO antigens, the isolation
of the transferases involved in the syntheses of A and B
antigens, the cloning of the ABO genes, and the
molecular basis of the serologically defined
phenotypes. The ABO genes in other species; the
evolution of the ABO genes; and changes in antigen
expression during development, differentiation, and
carcinogenesis are also discussed. He concludes the
review by leaving us to muse over the question of “Why
does the ABO polymorphism exist?”
The Rh system, after ABO, is the most clinically
significant in transfusion medicine. The identification
of the Rh antigens led to the understanding and
prevention of HDN. Dr. Franz Wagner and Dr. Willy
Flegel review the Rh system in this issue of
Immunohematology. The authors, through their work
in recent years, have contributed to our understanding
of this, the most polymorphic and complex of the
blood group systems. The Rh antigens are considered
at the level of the gene, the protein, and the antigen.
Current knowledge of the molecular bases of Rh
antigen expression is used to shed light on the
serologic complexity of the Rh blood group system. In
particular, the molecular bases of D antigen expression,
of the partial D, weak D, Del, and D-negative
phenotypes, is extensively reviewed, as is the
phylogeny of RHD alleles. The available molecular
information for each of the 48 Rh antigens is also
presented in a tabulated format for easy reference. The
authors conclude their review by drawing our
attention to the many unresolved questions about the
Rh system and in particular the “astounding Rh
antigenic variability.”
Dr. Connie Westhoff and Dr. Marion Reid focus on
the Kell, Duffy, and Kidd blood group systems. The
antibodies to antigens in these three systems are the
most clinically significant, after those of ABO and Rh.
Because of the association between Kx and Kell, the Kx
system is included. The authors have distilled the
wealth of information about these systems into a few
pages of text and several informative tables and figures.
The history of each system is addressed (e.g., Kell was
the first system to be identified after the introduction
of the antiglobulin test), then the antigens, the
antibodies, and their involvement in HDN. The recent
advances at the gene and protein levels and the
molecular bases of the antigens and phenotypes are
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summarized. The biological role of the Kell, Kidd, and
Duffy proteins and their significance in health and
disease are also discussed.
The authors of the fourth review, Karen and Peter
Byrne, faced a daunting challenge, that of describing
“Other Blood Group Systems.” They selected those
systems considered to be of clinical importance or to
have interesting features and made the scope of the
presented information “What you need to know for the
SBB exam.” The eight blood group systems featured in
this review are Diego, Yt, Xg, Scianna, Dombrock,
Colton, Landsteiner-Wiener, and Indian.
The

information presented by the authors should prove
valuable to those immunohematologists studying for
the SBB exam
Finally, in addition to the four reviews, two original
articles are published in this information-rich
anniversary issue of Immunohematology.
Christine Lomas-Francis, MSc
Technical Editor and Guest Editor of this issue

Manuscripts: The editorial staff of Immunohematology welcomes manuscripts pertaining to blood group
serology and education for consideration for publication.We are especially interested in case reports, papers
on platelet and white cell serology, scientific articles covering original investigations, and papers on the use of
computers in the blood bank. Deadlines for receipt of manuscripts for consideration for the March, June,
September, and December issues are the first weeks in November, February, May, and August, respectively.
Instructions for scientific articles and case reports can be obtained by phoning or faxing a request to Mary H.
McGinnniss, Managing Editor, Immunohematology, at (301) 299-7443, or see “Instructions for Authors” in
every issue of Immunohematology or on the Web. Include fax and phone numbers and e-mail address
with your manuscript.

REMEMBER: THE PASSWORD IS “2000” For www.redcross.org/pubs/immuno
Now, as a subscriber, you can enter the password, 2000, and access the back issues. That means
cover to cover! You will receive every article in total, every letter to the editor, every review, every ad, every
notice, and every literature review! All of the other services will continue to be available on the Web site,
including sending a letter to the editor, subscribing with a credit card on the secure order site, performing a
literature search, reviewing instructions for authors, and linking to other important sites. Log on now to see
this great service!
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Review: ABO blood group
system—ABH oligosaccharide
antigens, anti-A and anti-B, A
and B glycosyltransferases,
and ABO genes
F.YAMAMOTO

Introduction

Table 1. A wide variety of ABO studies

The ABO system is one of the most important
blood group systems in transfusion medicine. The ABO
system consists of A antigens, B antigens, and antibodies
against these antigens. Landsteiner discovered the ABO
system in 1900. As opposed to many other blood group
systems such as the Rh system, in this system the
presence of “naturally occurring” antibodies against A
and B antigens in individuals who do not express those
antigens (Landsteiner’s Law) causes an adverse and
occasionally fatal outcome at the first mismatched
transfusion. The concept that “only matched donor
blood that would not result in RBC agglutination could
be transfused” set the path for safe blood transfusion.
The ABO system is of interest in a variety of
scientific fields (Table 1). In addition to the four major
groups (A, B, AB, and O), we now know that additional
subgroups exist that exhibit different patterns and
degrees of agglutination. The A and B antigens were
initially identified on RBCs, and later they were found
on the surfaces of other types of cells as well as in
secretions. Therefore, the ABO system is occasionally
called the histo-blood group system, rather than the
blood group system. Because these antigens exist in
cells other than RBCs, ABO matching is important not
only in blood transfusion but also in cell, tissue, and
organ transplantation. Forensic science utilizes the
ABO blood groups for suspect exclusion in the analysis
of crime scene evidence, such as blood, saliva, seminal
fluid, and even hair.
The A and B antigens are carbohydrate antigens,
and not protein antigens, the primary gene products.

■

ABO Genes
Polymorphic: three major (A, B, and O) and dozens of subgroup
(A2, Ax, B3, etc.) alleles
Different allele frequencies among different races
⇒ genetics, population study, anthropology

■

A and B Antigens
Oligosaccharide antigens
⇒ carbohydrate chemistry, glycobiology
RBC, various tissues and cell types, and secretion (saliva, seminal fluid,
etc.)
⇒ blood transfusion, cell/tissue/organ transplantation,
forensic sciences
Human, chimp (A, O), gorilla (B), baboon (A, B, AB), pig (A, O), etc.
⇒ systematics
Expression changes during development, cell differentiation, and
carcinogenesis
⇒ molecular biology, developmental and cellular biology,
cancer biology

■

A and B Glycosyltransferases
Different donor nucleotide-sugar substrate specificity
⇒ enzymology, structural biology
Presence of transferases with similar specificity (α1,3GalT, Forssman
synthase, iGb3 synthase)
⇒ evolution

■

Anti-A and Anti-B Antibodies
“Naturally occurring” antibodies
⇒ immunology

The A and B antigens are synthesized by a series of
enzymatic reactions catalyzed by enzymes called
glycosyltransferases.
The final step of their
biosynthesis is catalyzed by A and B transferases
encoded by the functional A and B alleles at the ABO
genetic locus, respectively. The allele frequencies vary
among different races, which furnishes interesting
questions in population studies, anthropology, and
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human genetics. A and B antigens are not restricted to
humans. The identical or similar antigens have been
identified in other species. Furthermore, glycosyltransferases other than A and B transferases exist that
exhibit similar specificity in reactions. Therefore, ABO
is also of evolutionary and enzymological interest. A/B
antigen expression exhibits dynamic changes during
development and pathogenesis. Loss of A/B antigen
expression in cancer, such as prostate cancer, has been
documented. Therefore, the expression of ABO genes
is an interesting subject in cancer biology in addition to
molecular, cellular, and developmental biology. Safer
blood transfusion conceived by Landsteiner and
improved upon by many others, primarily immunohematologists, has become a routine medical practice.
Since the cloning of the ABO gene in 1990,1 progress
has been made in the structural and functional analyses
of the ABO genes and A and B transferases at the
molecular level.
I hope that the readers of
Immunohematology find this review article
interesting and useful for a better understanding of the
scientific basis of the ABO system, oligosaccharide ABH
antigens, A and B transferases, and ABO genes, and for
applying this information to clinical applications.

ABO blood grouping is crucial for safe blood
transfusion.
The discovery of the ABO blood group system was
made when Landsteiner separated the cellular
components from the liquid components of blood and
observed the agglutination of RBCs in certain
combinations upon mixing (Fig. 1). Based on the
agglutination patterns, he categorized the subjects into
three groups. In the next year Decastello and Sturli
discovered the fourth group, and these four groups
became the ABO blood groups. In order to explain the
agglutination patterns, Landsteiner postulated that
there were two antigens (A and B) and two antibodies
against those antigens (anti-A and anti-B). He assumed
the presence of the antibodies in the sera of individuals
who did not express those antigens, which was later
named Landsteiner’s Law. His understanding was an
important step toward the safe practice of blood
transfusion, where transfusion should be performed
between individuals whose blood components would
not agglutinate upon mixing. It was reasonable to
assume that the hemagglutination due to mismatch
would also occur inside the body if it occurs in the test
tube. Therefore,ABO typing before any transfusion was
logical. To crossmatch also was wise because unknown
4

antigens or antibodies could be present. Because the
readers of Immunohematology are familiar with safe
practice of blood transfusion and the techniques used
for ABO typing, they are not described in detail here.
Please refer to several excellent books on transfusion
medicine for information.2–4 It is important to note that
subgroups have been identified, based on the different
degrees and patterns of agglutination, using reference
RBCs and antibodies. Those subgroups include A2, A3,
Ax, Ael, B3, Bx, and Bel. The natural antibodies seem to
occur due to constant or occasional immunologic
stimulation by substances, such as food, pollen, and
bacteria, that are ubiquitous in nature.

A and B antigens are not protein antigens
but oligosaccharide antigens.
Because the antibodies against A and B antigens
were available from human sera and later from
monoclonal origins, those reagents were used for
immunohistochemistry, in addition to hemagglutination for blood typing. Some plant lectins were
found to have an affinity with A and B antigens and
were used for immunostaining purposes. It soon
became clear that the expression of A and B antigens
was not limited to RBCs. Those antigens were also
found on the surfaces of several different types of
human cells and demonstrated in secretions by an
inhibition test. The antigens reactive to those
antibodies and lectins were also found to be present in
other species of organisms, including bacteria and
plants, although the chemical nature of those antigens
remains to be characterized.
In the 1930s, Landsteiner and colleagues suggested
that soluble substances in secretions that inhibit
hemagglutination were some type of new
carbohydrate-amino acid complex. Later, in the 1950s,
a group led by Watkins and Morgan and another group
led by Kabat played a major role in the final
determination of the chemical nature of ABH
antigenicity (H antigens were found to be abundant in
individuals with group O type blood group). They
initially showed that simple sugars inhibited lectinmediated agglutination of RBCs and prevented the
specific precipitation of soluble blood group
substances. This suggested a link between certain
sugars and blood group specificity; N-acetyl-Dgalactosamine, D-galactose, and L-fucose for A, B, and H
specificity, respectively. Watkins and Morgan later
showed that glycosidase preparations from bacteria
and mollusks abolished the antigenicity, confirming the
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Fig. 1.

ABO System. Discovery of the ABO blood groups, antigen-antibody hypothesis of RBC agglutination, chemical nature of A and B antigens and
their biosynthetic pathways are shown.
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importance of those sugars for the blood group
specificity. A more direct approach was taken to purify
A, B, and H determinants from ovarian cysts, which
secrete soluble forms of these antigens in abundance.
The cyst fluid was acid-hydrolyzed and alkalinedegraded, and the released carbohydrate fragments
were analyzed for binding activity toward anti-A and
anti-B antibodies. These studies revealed that the
immunodominant structures of those antigens are
oligosaccharides.5,6 The structures of the related Lea,
Leb, and Lex substances were also determined. Their
structures are as follows:
A: GalNAcα1-3(Fucα1-2)Gal-

A and B genes at the ABO genetic locus
encode A and B glycosyltransferases.

B: Galα1-3(Fucα1-2)GalH: Fucα1-2GalLea: Galβ1-3(Fucα1-4)GlcNAcβ1Leb: Fucα1-2Galβ1-3(Fucα1-4)GlcNAcβ1Lex: Galβ1-4(Fucα1-3)GlcNAcβ1The peripheral disaccharide core structures on
which ABH determinants are synthesized were also
characterized. Five types (Types 1–4 and 6) of such
structures were identified.
Type 1: Galβ1-3GlcNAcβType 2: Galβ1-4GlcNAcβType 3: Galβ1-3GalNAcαType 4: Galβ1-3GalNAcβType 6: Galβ1-4Glc
The ABH antigens occur on glycoproteins, on
glycolipids, and as free oligosaccharides. The structures
of membrane-bound ABH antigens on erythrocytes
were later characterized and found to contain the same
immunodominant structures found in the soluble
forms of ABH substances.

A and B glycosyltransferases catalyze the
final step of biosynthesis of A and B
oligosaccharide antigens.
Once the structures of A, B, H, and related antigens
were determined, the biosynthetic pathways of those
antigens were proposed in due course. Because these
structures are oligosaccharides and cannot be the
primary gene products of proteins, it was assumed that
they were synthesized by the actions of enzymes
encoded by the genes. Watkins and Morgan,7,8 and
separately Ceppellini,9 proposed the following
6

hypothesis. Functional A and B alleles at the ABO locus
encode A and B glycosyltransferases that catalyze the
addition of an N-acetyl-D-galactosamine and Dgalactose by an α1-3 glycosidic linkage to synthesize
the A and B structures, respectively. This hypothesis
was later supported by the experimental data that
correlated enzyme activities of those transferases and
blood group phenotypes.10,11 A transferase activity was
observed in the tissues and sera that exhibited A
antigens whereas B transferase activity was detected in
the tissues and sera that exhibited B antigens.

The ABO polymorphism was one of the first
genetic traits in humans that were shown to be
inherited. To explain the mode of inheritance,
Bernstein proposed the one gene locus–three allelic
model (Fig. 1). He assumed that the A, B, and O genes
are alleles at the same ABO genetic locus. He also
assumed that the A and B alleles are co-dominant
against the recessive O allele. Based on the
combinations, six genotypes resulting in four
phenotypes were postulated. In addition to the three
major alleles, additional alleles specifying subgroups
have later been integrated into the scheme. Regarding
the mode of inheritance of ABO, two interesting
phenomena have been reported that are called cis-AB
and B(A). The expression of A and B antigens is
specified by two separate A and B genes (one derived
from the mother and the other derived from the father)
in a common AB phenotype (trans-AB). However, in
rare cases of AB, the expression of both A and (usually
weak) B antigens is inherited by a single gene derived
from either one of the parents, and this phenomenon
was named cis-AB.12,13 A similar phenomenon named
B(A) was reported when weak A reactivity was
demonstrated using certain monoclonal anti-A reagents
with the cases that had been previously diagnosed to
be type B.14 Although the mode of inheritance was not
demonstrated in those cases, it was assumed that small
amounts of A antigens, in addition to larger amounts of
B antigens, were produced by a special B transferase.
This is quite likely because even the regular B
transferase is able to transfer GalNAc to the acceptor
substrate in vitro, although inefficiently, as previously
demonstrated by Greenwell et al.15
The central dogma seemed correct that A and B
genes encode A and B transferases, which synthesize A
and B antigens, respectively, because the correlation
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was established between the ABO phenotypes and the
presence or absence of A and B transferase activity.
However, conclusive proof had to wait for the cloning
of the ABO genes.

A and B genes encode A and B transferases
of different sugar specificity because of
nucleotide substitutions resulting in amino
acid substitutions. O genes are inactive
because they cannot produce functional
enzymes.
Isolation of blood group A and B transferases has
been reported from several different sources including
human plasma (A transferase16–18 and B transferase19)
and porcine submaxillary glands (A transferase20,21).
Although tens to hundreds of thousands-fold
concentrations of enzyme activity were attained, the
fractions were not homogeneous. A protein that
appeared to be the soluble form of human A transferase
was purified to homogeneity from lung,22 gastric
mucosa,23 and plasma.24 The protein purified from lung
by Clausen et al.22 was a glycoprotein with a molecular
weight of ~ 40kDa but it lost its enzyme activity during
the last step of purification through reverse-column
chromatography. The protein and the trypsinized
peptides were later subjected to partial amino acid
sequence determination. The N-terminal 13 amino acid
sequence of the protein was identical to the sequence
of a protein purified from gastric mucosa by
Navaratnam et al.23
In collaboration with Clausen and Hakomori,
Yamamoto1 cloned cDNA encoding this protein that
seemed to be the soluble form of A transferase. The
partial amino acid sequence of a peptide was reversetranslated into two degenerate oligo primer sequences.
PCR was performed to amplify genomic DNA and
cDNA fragments that were hybridized with a
radiolabeled oligo probe toward the internal sequence.
Using this cloned fragment as a radiolabeled probe,
MKN45 human stomach cancer cell line cDNA library
was screened. This cell line was chosen because the
cells expressed high activity of A transferase and large
amounts of A antigens. Several cDNA clones hybridized
with the probe were obtained. One of the cDNA
clones, FY59-5, apparently contained an entire coding
sequence. The cDNA predicted that it encoded a type
II transmembrane protein consisting of 353 amino
acids. Later it was found that alternative splicing had
occurred and that this cDNA clone was missing three
nucleotides and one amino acid at the splicing

junction. Therefore, it is now presumed that A1 and B
transferases consist of 354 amino acids.
Two options for demonstrating the identity of the
purified protein to be the soluble form of A transferase
were conceived: either to express the cloned cDNA
and detect the enzymatic activity/reaction products or
to correlate different nucleotide sequences to alleles.
Although the eukaryotic expression system had been
established and was available, the correlation approach
was taken because of the absence of information on
the ABO genotype of the MKN45 cell line. It was
believed that no activity or products would be
detected if the genotype was AO and the cDNA
represented the O allele. There were additional
concerns that the cDNA might not be the mature form
of mRNA and even more critically that the purified
protein was not A transferase. In order to obtain a
clear-cut answer, Yamamoto constructed 2 cDNA
libraries with RNAs from SW48 and SW948 human
colon cancer cell lines, which were derived from
individuals with AB and O blood groups, respectively,
and screened those libraries. If the purified protein
was a real A transferase, it was assumed that cDNA
clones from the SW48 cDNA library could be
categorized into two groups representing A and B
alleles based on the different nucleotide and amino
acid sequences. It was also assumed that the
nucleotide sequences of the cDNA clones, if any,
obtained from the SW948 cDNA library should have
nucleotide sequences that are different from either
group of cDNA clones from the SW48 cDNA library.
Results that confirmed both of those assumptions were
obtained.25 Two groups of cDNA clones that had
differences in seven nucleotides resulting in four amino
acid substitutions were recognized from the blood
group AB cDNA library. The cDNA clones from the
blood group O cDNA library were almost identical to
the sequence of one group of the cDNA clones from
the AB cDNA library, except that one nucleotide was
missing at the N-terminal side of the coding sequence.
The difference in the amino acid sequence explained
the difference in specificity between the A and B
transferases. The single nucleotide deletion, which is
located close to the amino terminal side of the coding
region, changed the frame of codons and produced
truncated proteins rather than large functional
enzymes, which explained the nonfunctionality of O
alleles.
Yamamoto screened two additional cDNA libraries
he constructed with RNAs from colon carcinoma cell
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lines SW1417 from a blood group B individual and
COLO205 with an O phenotype (the blood group of
the patient was unknown). He categorized cDNA
clones based on the differences in nucleotide
sequence. The cDNA clones from the blood group B
cDNA library were divided into two groups: one
identical to one of the two groups from the SW48
blood group AB cDNA library and the other identical to
the cDNA clones from the SW948 blood group O cDNA
library. The cDNA clones from the COLO205 had the
same single nucleotide deletion that was observed in
the cDNA clones from the SW948 cDNA library in
addition to several nucleotide substitutions. These
results not only confirmed the identity of the purified
protein to be A transferase, but also deciphered the
molecular genetic basis of the ABO system. The central
dogma of ABO was proved to be correct. The A and B
alleles at the ABO genetic locus encode functional A
and B transferases that have different amino acid
sequences, resulting in the different donor nucleotidesugar specificity between those enzymes. The O alleles
were inactive because they were unable to produce
functional transferases. Furthermore, the results of the
SW1417 cDNA clones clearly demonstrated that ABO
genotyping is possible. Yamamoto knew that the
SW1417 cell line was derived from a blood group B
individual but the ABO genotype (BB or BO) of that
individual was unknown. However, the experiments
showed that the patient’s genotype was BO, having one
B and one O allele each. Both the SW948 and
COLO205 cDNA clones contained the common single
nucleotide deletion, however, they differed in several
nucleotide sequences. The results raised the question
that there might be other mechanisms to nullify the
gene functions in O alleles. Because the cloning
experiments were done with cancer cell lines, it was
necessary to examine the genomic DNA of normal cells
to determine whether the same differences in
nucleotide sequence would be found. Taking
advantage of the presence of RFLP among the ABO
alleles he identified,Yamamoto analyzed the nucleotide
sequence polymorphism using genomic DNA prepared
from blood samples with predetermined blood
types and demonstrated that the differences he
observed are common in the general population. It
was concluded that (1) amino acid substitutions
between A and B transferases (arginine, glycine,
leucine, glycine in A transferase and glycine, serine,
methionine, and alanine in B transferase at codons 176,
235, 266, and 268) should be responsible for different
8

donor nucleotide-sugar specificity of these two
enzymes and (2) the O allele is nonfunctional because
the gene cannot produce functional glycosyltransferase
enzymes. These are the molecular genetic basis of the
ABO polymorphism (Table 2).
Table 2. Molecular genetics of the ABO genes
■

cDNA cloning of A transferase gene, cloning of B and O allelic
cDNAs, and elucidation of molecular genetic basis of the ABO
system
4 amino acid substitutions between A and B transferases (R, G, L, G in
A transferase and G, S, M, A in B transferase at codons 176, 235,
266, 268)
261delG single nucleotide deletion in O allele coding region resulting
in codon frameshift and producing a truncated non-functional protein

■

ABO genotyping
Restriction Fragment Length Polymorphism (RFLP)
Allele-specific PCR amplification
Discrimination of AA and AO genotypes and BB and BO genotypes

■

Proof of the central dogma of ABO
A/B gene ⇒ A/B transferase ⇒ A/B antigen

■

Identification of mutations in subgroup alleles (A2, Ax, B3), cis-AB
and B(A) alleles, and another type of O allele
94 alleles deposited in the ABO database (October 2003)
(http://www.bioc.aecom.yu.edu/bgmut/index.htm)

Mutations resulting in amino acid
substitutions and alternative splicing can
explain some of the ABO subgroup
phenotypes.
The ABO gene was previously mapped on
chromosome 9 at q34.26 The gene organization was
determined by Yamamoto et al.27 and by Bennett et al.28
in 1995. The ABO gene spans over 18 kilobases, and is
comprised of 7 coding exons. The majority of the
soluble form of the enzyme is encoded in the last two
coding exons, 6 and 7. Because many of the cDNA
clones contained unspliced introns, the partial
nucleotide sequences in introns neighboring exons 6
and 7 were available prior to the elucidation of the
entire gene organization.
Making use of this
information on the intron sequences, Yamamoto and
collaborators determined the partial nucleotide and
deduced amino acid sequences in those two exons for
some of the subgroup alleles. They amplified DNA
fragments containing exon 6 and 7 sequences, cloned
into a plasmid vector, and determined the nucleotide
sequences. Because of the absence of cell lines with
known ABO subgroup phenotypes, genomic DNA from
blood samples of subgroups was used.
The A2 allele was characterized by the presence of
a single nucleotide deletion close to the C-terminal of
the coding sequence, resulting in the possession of an
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subgroup alleles were partial sequences of genomic
additional 21 amino acid residues at the end.29
DNA. Furthermore, for most alleles it remains to be
Yamamoto et al,30 in collaboration with Harris, Judd,
experimentally demonstrated whether the identified
and Davenport, observed heterogeneity among A3 and
mutations are responsible for the altered activity of
B3 alleles because not all of the genomic DNA clones
subgroup transferases. A majority of the mutations are
possessed the same mutations. A single nucleotide
nucleotide substitutions resulting in amino acid
substitution resulting in an amino acid substitution was
substitutions or a single nucleotide deletion/insertion
observed in an Ax allele.31 Yamamoto et al.32 examined
and correlate well with the presence of specific
cis-AB and B(A) alleles of hereditary interest and found
subgroup alleles. In addition to mutations in the
that these alleles encode chimeric enzymes of A and B
coding sequences, mutations in intron sequences were
transferases. In the course of characterization of
also identified. Being located at the splicing junctions,
subgroup alleles, Yamamoto et al.33 identified another
type of O allele that lacked the single
nucleotide deletion but contained
nucleotide substitutions resulting in an
amino acid substitution at codon 268
that is critical for nucleotide-sugar
recognition. These alleles are listed in
Figure 2.
Since this discovery, the nucleotide and deduced amino acid
sequences of additional subgroup
alleles have been reported. The
number of alleles deposited in the ABO
System section of the Blood Group
Antigen Gene Mutation (BGAGM)
Database (http://www. bioc.aecom.yu.
edu/bgmut/index.htm) has accrued to
more than 90. The BGAGM Database,
which was established and has been
maintained by Blumenfeld, covers
reported alleles of 24 different blood
group systems, including ABO and Rh,
and has provided useful information
on blood group polymorphism.34 In
addition to the A1, A2, A3, Ax, B, B3, O,
cis-AB, and B(A) alleles, the nucleotide
and deduced amino acid sequences of
Ael, Aw, Bel, and Bw alleles have also been
added to the database. Olsson et
al,35–40,42–44 Hansen,41 Ogasawara et
al,45–48 Roubinet et al,49,50 Seltsam et
al,51,52 Yu et al,53–55 Sun et al,56 and Yip et
al.57–60 and their colleagues contributed
greatly to this addition of other
subgroup alleles (see the review by
Olsson and Chester44). As opposed to
the entire coding sequences of the Fig. 2. Representative alleles at the ABO locus. Nucleotide and deduced amino acid
sequences are compared among a dozen ABO alleles whose sequences were determined
three major alleles determined by
by Yamamoto and colleagues. The cis-AB and B(A) alleles are included in the A and B
cDNA cloning, most, if not all, of the
alleles, respectively, because of higher relative sequence homology. The nucleotide
substitutions that result in amino acid substitutions are shown in bold type. ∆ = deletion
sequences determined from those
of nucleotide.
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some of these mutations seem to affect the maturation
of mRNA and be responsible for weaker expression of
the A/B antigen.55,56

Not all of the amino acid substitutions
between A and B transferases are necessary
to cause them to have different sugar specificity. The enzymes with strong A and B
transferase activity were created by genetic
engineering.
The identification of gene mutations and the
functionality of the mutations are different. Seven
nucleotide substitutions resulting in four amino acid
substitutions were identified between A (A1) and B
alleles by the cloning study.25 The three nucleotide
substitutions that did not result in amino acid
substitutions were silent and not involved in the
difference in specificity between the A and B
transferases. However, it was unclear whether all four
amino acid substitutions were necessary for a
difference in specificity.
One, two, or three
substitutions could have been sufficient. To answer
this question, Yamamoto and Hakomori constructed A
and B transferase cDNA expression constructs and
transfected them to HeLa cancer cells of the uterus,
which express type H antigens on the cell surface.61
They detected the appearance of A and B antigens on
the surface of cells transfected with A and B transferase
cDNA expression constructs, respectively. They also
constructed a total of 14 A-B transferase chimeric
constructs with all possible combinations of the four
amino acid substitutions between A and B transferases.
The results showed the codon at 176 did not affect the
specificity of the enzyme (Table 3). The codon at 235
was influential and those at 266 and 268 were crucial
for the difference in specificity of the A and B
transferases. The chimeric constructs that possess
methionine of B at 266 and glycine of A at 268 were
shown to express enzymes with strong A and B
transferase activity, which was the first demonstration
that the specificity of glycosyltransferase could be
modified by genetic engineering. Yamamoto continued
functional analysis with mutations specific to A2, A3,
and B3 alleles using DNA transfection assays. He has
shown that the single nucleotide deletion in the A2
allele and the single missense mutations in the A3 and
B3 alleles that he identified were functionally important
mutations that decrease the activity of the enzymes
coded by those rare alleles.62
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Table 3. Enzymology and evolution of the A and B transferases
■

Identification of amino acid substitutions responsible for
different nucleotide-sugar specificity between A and B
transferases
Codon 176 (R in A transferase and G in B transferase); not
important
Codon 235 (G in A transferase and S in B transferase);
influential
Codons 266&268 (L&G in A transferase and M&A in B
transferase); crucial

■

Successful modification of nucleotide-sugar substrate specificity
by genetic engineering
Several A-B transferase chimeras with both A and B transferase
activity

■

Structural basis of different donor nucleotide-sugar specificity
and activity using 40 in vitro mutagenized amino acid
substitution constructs at codon 268
Size and charge of the side group are crucial for transferase activity
and nucleotide-sugar substrate specificity.
Not only codon 268 but also codon 266 is important.

■

Animal ABO genes
Homologous sequences in chicken and mammals
Primates: Conserved amino acid substitutions corresponding to
codons 266 and 268 of human transferases, depending on the ABO
genotype (L and G in the A gene and M and A in the B gene,
respectively)
Mouse: Genomic organization is similar to human gene.
Prevalent murine gene is functional cis-AB gene.
Pig: O allele deficiency in porcine AO system is due to a major
deletion, and therefore, O gene activation in porcine organs/tissues
xenotransplanted into humans is unlikely.

■

ABO gene evolution
Construction of evolutionary trees of the ABO genes and ABO gene
family

Yamamoto further studied the effects of the amino
acid residue at codon 268 on the specificity and
activity of the enzyme (Fig. 3A).63 He constructed 20
each of cDNA expression constructs with A and B
transferase backbones that possess any one of 20
amino acid residues at that position. DNA from those
constructs was transfected into HeLa cells and the cell
surface expression of A and B antigens was examined.
The same DNA was also transfected into COS1 SV40transformed African Green monkey kidney cells, and
the enzymatic activity of A and B transferases in cellular
extracts was analyzed. The results of the experiments
showed that the size and charge of the side group of
amino acid residue at codon 268 is crucial for the
specificity and activity of the enzyme (Fig. 3B). The
side groups of 20 amino acids are shown in Figure 3C.
For example, at codon 268, A transferase possesses
glycine that is the amino acid residue with the smallest
side group of hydrogen atom (-H). When this glycine
was replaced by alanine with a larger methyl group
(-CH3), the protein acquired the ability to transfer not
only a GalNAc but also a galactose. Probably, the
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Fig. 3.

Specificity of the A and B transferases. (A). The regions of the A and B transferases around codons 266 and 268 are schematically shown in
combination with the sugar portion of the appropriate nucleotide-sugars. (B). DNA transfection experiments of the in vitro mutagenized A and B
transferase constructs. The results of A and B antigen expression on the surface of the transfected HeLa cells and the results of the enzymatic assays
of the A and B transferases in the extracts of the transfected COS1 cells are shown. (C). The side groups of 20 amino acids with the chemical
formulas are shown. The nitrogen atom of the amino group is incorporated into a ring in proline, and therefore, the structure shown for proline
is not the structure of the side group.
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methyl group compensated for the smaller size of
hydroxyl group (-OH) of galactose than the N-acetyl
group (-NHCOCH3) of GalNAc at carbon 2 of the sugar
ring. When the glycine was replaced by serine
(-CH2OH) or cysteine (-CH2SH), the next smaller amino
acids, both A and B transferase activities were still
observed. When it was replaced by the slightly larger
threonine (-CH(OH)CH3) or asparagine (-CH2CONH2),
only B transferase activity was detected. The cavity for
sugar interaction might become too small for the
GalNAc entry. No other constructs expressed A or B
transferase activity other than the histidine and
phenylalanine constructs that exhibited weak A
transferase activity, which had no easy explanation.
Similarly, when the methyl group of alanine of the B
transferase is replaced by glycine, the smaller size of
hydrogen seems to permit the transfer of GalNAc in
addition to galactose. When the alanine was replaced
by amino acids with larger side groups, the activity
diminished as the size increased. Because the results
were different between constructs with the A
transferase backbone and those with the B transferase
backbone, the importance of other amino acid residues
between the two enzymes was recognized, especially
amino acid at codon 266.
Seto et al,64,65 in collaboration with Palcic and
Hindsgaul, expressed human A and B transferases and
their recombinants in E. coli and performed more
detailed enzymologic studies of those enzymes using a
variety of substrates. They reached similar conclusions
that the donor nucleotide-sugar specificity is attributed
to the amino acids at codons 266 and 268. Patenaude
et al,66 in collaboration with Palcic, determined the
three-dimensional structures of the human A and B
transferases and claimed that only codons 266 and 268
of the critical amino acid residues were positioned to
contact donor or acceptor substrates. In a more recent
paper, however, the importance of the region around
codon 235 for sugar specificity was acknowledged.67
They reached this conclusion from additional crystal X
ray diffraction studies of an enzyme coded by a novel
cis-AB allele that possesses a single point mutation that
replaced the conserved amino acid proline 234 with
serine in the B transferase backbone.

ABO genes are found in other species of
organisms.
ABH antigens were initially discovered in humans
on RBCs. However, substances with the same or similar
immunodominant structures were later found in a
12

variety of living organisms, including plants and
bacteria. Because human sera and plant lectins with
broad specificity were used in the early studies, the
chemical nature of many of those substances remains
to be determined. After cloning the cDNA encoding
human histo-blood group A transferase, Kominato et
al.68 examined the presence or absence of a homologous gene sequence by hybridizing human A
transferase cDNA probe with genomic DNA prepared
from other organisms. They observed weak hybridization with chicken DNA and strong hybridization
with mouse DNA, however, no hybridization was
detected with DNA from organisms that are located
lower in the phylogenetic evolutionary tree: bacteria,
yeast, nematode, clam, lobster, fly, sea urchin, and frog.
They also examined genomic DNA from other species
of mammals and observed hybridization with all the
species examined: dog, cat, rabbit, cow, sheep, rat,
hamster, and marmoset.
In the same paper,68 they reported their findings on
primate ABO genes. Bernstein’s model of inheritance
was known to apply to almost all primates. Depending
on their genotypes, Old and New World monkeys
express ABH substances in secretion.69,70 Whereas four
major phenotypes are known in humans, nonhuman
primates seem to have fewer phenotypes, depending
on the species. For example, only A and O phenotypes
are reported in chimpanzees and all gorillas seem to
have the B phenotype.
In anthropoid apes, chimpanzees and orangutans
express the antigens on their RBCs, but gorillas do not
have much expression of their B antigens. Furthermore, animals that do not produce the antigens possess
antibodies in serum, similar to humans. Therefore,
Landsteiner’s Law also applies to primates. Kominato
et al.68 determined the partial nucleotide sequences of
chimpanzee blood type A gene, gorilla B gene,
orangutan A gene, macaque A gene, and baboon A and
B genes. They found that the amino acid sequences
corresponding to human codons 266 and 268 are
conserved during evolution in these species (leucine
and glycine in A and methionine and alanine in B),
suggesting the importance of those two amino acid
residues for different sugar specificity between A and B
transferases. The results of this primate study of A and
B alleles were confirmed by Martinko et al.71
Kermarrec et al.72 found that human and nonhuman
primate O alleles are species-specific and result from
independent silencing mutations, establishing the basis
of the O allele deficiency in primates.72
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Recently, Yamamoto and Yamamoto elucidated the
molecular genetic basis of the porcine AO blood
system.73 As opposed to human O alleles, the pig O
allele was found to lack most of the structural gene
encoding for the enzyme. Yamamoto et al.74 studied the
mouse gene and discovered that the mouse gene is a
cis-AB gene that encodes an enzyme with both A and B
transferase activity. They also showed that this gene is
prevalent because all of the species and subspecies of
mice they examined contained the same amino acid
residues at positions critical for sugar specificity. The
rat gene homologous to the human ABO gene was
cloned by Cailleau-Thomas and Le Pendu75 and
separately by Iwamoto and Kobayashi.76 The rat gene
cloned from the BDIX strain of rat showed identical
gene organization to the human gene and was mapped
on the rat chromosome 3 at q11–12, a region
homologous to human 9q34.75 The cDNA encoded an
enzyme with A transferase activity. Although the same
enzyme exhibited weak B transferase activity in vitro, it
was suggested that A and B antigens cannot be
synthesized by alleles of the same gene in this rat
inbred strain because of differential tissue expression
of those antigens. Four cDNAs were cloned from a
Wistar rat, three that showed A transferase activity and
one that showed B transferase activity.76 Strangely,
however, the B antigen was not detected in any organs
studied in wild Wistar rats despite the fact that the
transcript from the ABO homologue with B transferase
activity was ubiquitously present.

Evolution of ABO genes and related genes
Based on the nucleotide and deduced amino acid
sequences of the primate ABO genes, Martinko and
Klein71 claimed that the critical substitutions differentiating the A and B genes occurred before the
divergence of the lineage leading to humans, chimpanzees, gorillas, and orangutans. Saitou and Yamamoto77
constructed phylogenetic networks of human and
nonhuman primate ABO alleles and observed at least
three independent appearances of B alleles from the
ancestral A form (Fig. 4A). They suggested that some
kind of balancing selection might have been operating
at the ABO locus. The view of convergent evolution
over trans-species inheritance of ancestor alleles was
supported by the study of primate O alleles by
Kermarrec and Blancher.72
The ABO genes are polymorphic at the single
genetic locus, ABO, so it is reasonable to assume that
they are homologous. However, there are additional

sequences in the human genome that are highly
homologous to the ABO gene (Fig. 4B). These genes
constitute the ABO gene family. The presence of genes
from this family was initially recognized when the
cDNA encoding human A transferase was cloned and
sequenced. It became instantly evident61 that the
nucleotide and deduced amino acid sequences had
significant homology with previously cloned genes of
bovine78 and murine79 α1,3-galactosyltransferases.
These enzymes catalyze the transfer of a galactose to
synthesize the α-galactosyl epitope (Galα1-3Gal-). As
opposed to A and B transferases, α1,3-galactosyltransferases utilize the acceptor substrates lacking a
fucose linked to the galactose. Both the enzyme
activity and the α-galactosyl epitope exist in most
mammals except for humans, apes, and Old World
monkeys.80 These species instead possess the antibody
against the α-galactosyl epitope. Presence of this
antibody is the primary reason for acute rejection of
pig organ xenotransplanted to humans.81 The human
gene encoding the α1,3-galactosyltransferase was
shown to contain frameshift and nonsense
mutations.82,83 In addition to this nonfunctional α1,3galactosyltransferase pseudogene, another homologous
sequence was cloned from human genomic DNA and
named hgt4.84 This sequence was also shown to be a
nonfunctional pseudogene. Two additional genes have
been shown to have some homology with the ABO
genes: Forssman glycolipid synthase (FS) gene85 and
iGb3 synthase gene.86 Forssman glycolipid synthase is
UDP-GalNAc:globoside α1,3-N-acetyl-D-galactosaminyltransferase that synthesizes the Forssman glycolipid
antigen (GalNAcα1-3GalNAcβ1-3Galα1-4Galβ1-4GlcCer). iGb3 synthase is UDP-galactose: β-D-galactosyl1,4-glucosylceramide α1,3-galactosyltransferase and
directs the synthesis of isoglobo-glycosphingolipids
(Galα1-3Galβ1-4Glcβ1-Cer) by transferring a galactose
toward LacCer (Galβ1-4Glcβ1-Cer). The original cDNA
clones of those glycosyltransferases were from dog and
rat, respectively. A human FS cDNA was characterized,
revealing an 86 percent similarity with the canine FS
gene at the nucleotide and 83 percent of the predicted
amino acid sequences.87 However, no detectable FS
enzyme activity was detected upon transfection of
COS1 cells with the human FS cDNA, which explains
the absence of the FS antigen expression in humans
except in certain disease states, such as lung and
gastrointestinal tumors.88 As shown in Figure 4C, the
amino acid residues corresponding to codons 266 and
268 of the human A and B transferases are important in
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Fig. 4.
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Evolution of the ABO and related genes. (A). A phylogenetic tree of the ABO genes of primates. Three independent occurrences of A to B
transitions are shown in bold lines. (B). A phylogenetic tree of the ABO family of genes. The murine AB and porcine A genes cloned by Yamamoto
are clustered with the human A gene, indicating that they are ABO genetic equivalents. (C). Comparison of the deduced amino acid sequences of
a variety of glycosyltransferases from the ABO gene family.
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specifying the donor nucleotide-sugars of the other
members of the ABO gene family of glycosyltransferases.

ABH antigen expression undergoes changes
during development and differentiation, as
well as carcinogenesis.
It has long been known that newborns express less
(25–50%) of the A/B antigens on RBCs than do adults.
ABH antigens are peripheral structures carried on a
variety of branched and unbranched core structures.
Because these antigens are produced by the enzymatic
reactions, the presence or absence of the acceptor
substrates affects the expression of the antigens.
Smaller quantities of branched structures partially
explain the lower expression of ABH antigens on fetal
RBCs. Similarly, the concentrations of nucleotide-sugar
substrates, such as UDP-GalNAc or UDP-galactose, also
influence the enzymatic reactions. There is also
competition among different glycosyltransferases for
the same substrates. In addition to these classes and
concentrations of acceptor substrates and donor
nucleotide-sugar substrates available for the enzymatic
reactions, the changes in expression of A/B antigens
can also result from changes on levels upstream. For
example, mutations in gene structure, transcription of
A/B transferase mRNA, post-transcriptional modification of the mRNA, translation into A/B transferases,
post-translational modifications of the enzymes, and
translocation of enzymes into the Golgi apparatus all
alter the A/B antigen expression (Table 4). Here,
dynamic changes in the expression of ABH and related
antigens are discussed.
Szulman performed initiatory immunohistochemical work and discovered the changes in the expression
Table 4. ABO gene expression
■

Regulatory mechanism of A/B antigen expression
Different levels of control
Transcription, Post-transcription,Translation, Post-translation, Golgi
localization
Enzymatic reaction: substrate concentrations (both donor nucleotidesugars and acceptor H structures)

■

Gene organization of the human ABO gene
Span over 18 kbp, 7 coding exons, CpG island in promoter

■

Transcriptional control
Promoter activity in the sequence just upstream of the transcription
initiation sites
Transcription factor Sp1 binding is required in both erythroid and
epithelial cell lineages.
An enhancer element is located further upstream.
Transcription factor CBF/NF-Y can bind to the enhancer element and
up-regulate gene expression in gastric cells.
Repression of expression by CpG island methylation
ABO gene transcription may be activated by demethylating agent
5-aza-dC.

of ABH antigens at different stages of human
development.89,90 The changes in ABH antigen
expression associated with cell migration and
maturation from the basal germinal layer to the surface
layer were reported by Oriol91 and Orntoft.92 Mandel et
al.93 reported a sequential appearance of precursor
peripheral core determinants in the germinal layer,
followed by an H antigen on the intermediate layers
and later by A and B antigens on the more superficial
layers of oral mucosa.
In addition to the physiological changes, ABH
antigen expression undergoes changes in pathologic
phenomena, most evident in carcinogenesis (see the
review article by Hakomori).94 A higher incidence of
duodenal ulcer in group O individuals and of stomach
cancer in group A individuals was reported from an
etiological study.95 Although different groups of
individuals exhibit different degrees of susceptibility to
diseases, the causality is still unclear. The most
frequently observed change of the ABH antigen
expression in cancer is the loss (or diminution) of
expression. Loss of A/B antigens was initially reported
in stomach cancer.96 The reduction of those antigens
was later found associated with the decrease in
transferase activity.97 On the contrary, in colon cancer
the appearance of A/B antigens was reported.98,99 In
normal distal colon, the ABH antigen expression
diminishes during development due to the reduced
activity of α1,2-fucosyltransferase to synthesize the H
antigen. It was suggested that the activation of the
gene encoding this enzyme led to the synthesis of the
H antigen that was transformed into A/B antigens by
the A/B transferases already present in the cells. This
provides an example of the very complex regulation of
A/B antigen synthesis. Lee et al.100 reported that the
expression of A antigen in non-small-cell lung
carcinomas in group A or AB patients is a favorable
prognostic factor. Miyake et al.101 reported that positive
immunostaining by MIA-15-5 antibody, which defines
H/Ley: Fucα1-2Galβ1-4(Fucα1-3)GlcNAcβ1-)/Leb antigens, among blood group A or AB patients with primary
lung cancer is inversely correlated with survival. An
interesting phenomenon named “incompatible” A
antigen expression was discovered.102–104
The
phenomenon was named “incompatible” because they
observed the expression of A antigens in tumors of
group B and O patients that are not supposed to
express functional A transferase. Early immunohistochemical studies used antibodies or lectins with broad
specificity, and, therefore, cross-reactions were
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suspected with antigens of similar structures such as
Forssman antigen and Tn antigens (GalNAcα-Ser/Thr).
However, later studies confirmed the presence of
chemically defined A structure in the tumors from
blood group O patients105–107 and the presence of A
transferase activity.108,109 For example, David and
Clausen examined the expression of A transferase in 31
cases of gastric tumors of phenotype O by immunohistology on frozen sections using monoclonal
antibodies for the transferases. They found three
positive cases of which they confirmed the activity
using the extracts from the specimens. The A antigen
was also identified immunohistologically in these three
cases as well as in five other cases. However, the
chemical presence of A antigen was not confirmed by
thin-layer chromatography immunostaining analysis of
glycolipid extracts from the three positive cases. David
and Clausen speculated that incompatible A antigen
expression is a result of transferase expression derived
from the O gene by an undetermined mechanism.
In an effort to understand the molecular mechanisms of loss of A/B antigen expression, Meldgaard et
al.110 examined the ABO gene and its gene expression
in two immortalized human urothelial cell lines. They
found an intact A gene and A transferase mRNA, but
no activity of A transferase or expression of A antigen
on the cell surface. They later investigated the loss of
heterozygosity in bladder tumors that were negative
for A/B antigens and concluded that the loss of A/B
antigen expression was not due to the loss of the
transferase-producing functional allele or to the downregulation of ABO gene transcription.111 Instead, they
implicated a potential mechanism of post-translational
control to explain the disappearance of A/B antigens in
the bladder tumors.
Kominato, in collaboration with Yamamoto, took a
different approach and examined the promoter region
of the ABO gene, which controls the expression of the
gene.112 They first mapped and characterized the
promoter region by making nested deletion constructs
and examined the promoter activity of the genomic
DNA. In the promoter region they identified a CpG
island that is abundant in the CpG dinucleotide
sequence. Because CpG island methylation has often
been associated with inactivation of transcription,113,114
they proceeded to investigate the methylation status of
the CpG island of the ABO gene.115 DNA methylation
was found to be inversely correlated with gene
expression in the carcinoma cell lines they examined.
They also showed constitutive transcription of the
16

transiently transfected reporter plasmid containing the
ABO gene promoter regions in either expressor or
nonexpressor cells and that this transcription was
diminished by pretreatment of the plasmid with HhaI
methylase. Together with the fact that the treatment of
nonexpressor gastric cancer cell line MKN28 cells with
5-aza-2′-deoxycytidine, an inhibitor of DNA methylation, could have reactivated transcription, though
inefficiently, those results supported their contention
that DNA methylation may play an important role in
repressing the expression of the ABO gene. Iwamoto
et al.116 analyzed promoter methylation using genomic
DNA from A antigen positive and negative clones of
SW480 colon carcinoma cell line cells. They observed
the ABO gene promoter methylated in A antigen
negative clones, but unmethylated in A antigen positive
clones. Whether DNA methylation plays a negative
regulatory role in tumors, in addition to established cell
lines, remains to be examined.

Why does the ABO polymorphism exist?
What is the advantage?
Triggering the classical complement cascade,
mammalian C-type retroviruses are inactivated by
human serum.117 However, HIV,118 human T-cell
leukemia virus,119 and retroviruses that are produced in
human cells120 are resistant to inactivation by the
human complement. Because humans do not have a
functional α1,3-galactosyltransferase gene, but instead
contain the natural antibody against the α-galactosyl
epitope in sera, retrovirus inactivation mediated by
anti-α-galactosyl epitope natural antibody was
proposed.121,122
As opposed to this inhibition of interspecies
infection, a similar role of natural anti-A and anti-B
antibodies against intraspecies infection has been
proposed and examined. For example, HIV viruses
prepared from cultures of mixed PBMNCs from donors
of blood group A were neutralized by the monoclonal
antibody against A epitope, whereas the viruses
prepared from donors of blood group B or O were
not.123 Recently, Preece et al.124 addressed the same
question using the measles viruses: whether viral
particles can become glycosylated as determined by
the glycosylation status of the producer cell and as a
result be affected by human serum containing specific
natural antibodies. They prepared virus in HeLa cells
transfected with cDNA encoding, either human A
transferase, B transferase, an inactive truncated O
protein, or a porcine α1,3-galactosyltransferase. The
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viruses carried the same ABO structures as the cells: A
antigen if produced in type A cells and B antigen if
produced in type B cells. Only H antigen was detected
on the virus produced from type O cells, whereas
reduced amounts of H antigen appeared on the viral
particles prepared from type A and B cells. In addition,
the α-galactosyl epitope was transferred onto measles
viruses only when grown in human cells expressing
this structure. When those viruses were treated with
human preimmune sera, viral particles with type A, B,
and α-galactosyl epitopes were partially neutralized in
a complement-dependent manner. However, type O or
α-galactosyl epitope-negative viral particles were not
neutralized. They speculated that specific natural
antibodies mediated the neutralization because
synthetic A and Galα1-3Gal oligosaccharides
specifically blocked the inhibition.
Inoue, Matsumoto, and Yamamoto performed
similar experiments using amphotropic murine
leukemia virus (MLV). However, they observed significant loss of infectivity of the viruses after treatment
with sera irrespective of the ABO blood groups of sera
as well as the ABO phenotypes of the producer cells
(unpublished result). Because viruses were prepared
from HeLa cell transfectants of human origin, the
antibody against α-galactosyl epitope may not be
responsible for this inactivation. Although what caused
the drop in infectivity in those experiments remains to
be determined, seeking the biological function of the
ABO polymorphism in immunologic surveillance
seems to be reasonable as these polymorphic
oligosaccharides are exposed to, and potentially
involved in communication with, the outer world.

Acknowledgments
I thank Mr. Lloyd Slivka for editorial assistance. I
would also like to thank our colleagues and
collaborators for their support of the work described
in part of this review article. Additional reading is
recommended for thorough information on early work
on serology and biochemistry of the ABH antigens that
is not covered in detail in this review. The chapters on
ABO in the books by Daniels125 and SchenkelBrunner,126 and the articles by Watkins,5,6 are highly
recommended.

References
1. Yamamoto F, Marken J, Tsuji T, et al. Cloning and
characterization of DNA complementary to
human UDP-GalNAc: Fuc alpha 1-2Gal alpha
1-3GalNAc transferase (histo-blood group A
transferase) mRNA. J Biol Chem 1990;265:1146-51.
2. Mark Brecher, MD, ed. Technical manual. 14th ed.
Bethesda, MD: American Association of Blood
Banks, 2003.
3. Wallace ME, Gibbs FL, eds. Blood group systems:
ABH and Lewis. Arlington, VA: American
Association of Blood Banks, 1986.
4. Harmening D, ed. Modern blood banking and
transfusion practices. Philadelphia, PA: FA Davis
Co, 1999.
5. Watkins WM. In: Glycoproteins. Montreil J,
Shachter, H, eds.Amsterdam: Elsevier, 1995;313-90.
6. Watkins WM. The ABO blood group system:
historical background. Transfus Med 2001;11:24365.
7. Watkins WM. Some genetical aspects of the
biosynthesis of human blood group substances In:
Ciba Foundation Symposium on Biochemistry of
Human Genetics (eds. Wolstenholme GEW,
O’Connor CM) London: Churchill, 1959.
8. Watkins WM, Morgan WTJ. Possible genetical
pathways for the biosynthesis of blood group
mucopolysaccharides.Vox Sang 1959;4:97-119.
9. Ceppellini R. Physiological genetics of human
blood factors. In: Ciba Foundation Symposium on
Biochemistry of Human Genetics (eds.
Wolstenholme GEW, O'Connor CM) London:
Churchill, 1959.
10. Ginsburg V. Enzymatic basis for blood groups in
man. Adv Enzymol Relat Areas Mol Biol 1972;
36:131-49.
11. Tilley CA, Crookston MC, Crookston JH, Shindman
J, Schachter H. Human blood-group A- and Hspecified glycosyltransferase levels in the sera of
newborn infants and their mothers. Vox Sang
1978;34:8-13.
12. Yoshida A, Yamaguchi H, Okubo Y. Genetic
mechanism of cis-AB inheritance. I. A case
associated with unequal chromosomal crossing
over. Am J Hum Genet 1980;32:332-8.
13. Yoshida A, Yamaguchi H, Okubo Y. Genetic
mechanism of cis-AB inheritance. II. Cases
associated with structural mutation of blood group
glycosyltransferase. Am J Hum Genet 1980;
32:645-50.

I M M U N O H E M A T O L O G Y, V O L U M E 2 0 , N U M B E R 1 , 2 0 0 4

17

F.YAMAMOTO

14. Treacy M, Stroup M. A Scientific Forum on Blood
Grouping Serum Anti-A (Murine Monoclonal
Blend) BioClone. Raritan: Ortho Diagnostic
Systems, 1987.
15. Greenwell P,Yates AD, Watkins WM. UDP-N-acetylD-galactosamine as a donor substrate for the
glycosyltransferase encoded by the B gene at the
human blood group ABO locus. Carbohyd Res
1986;149:149-170.
16. Whitehead JS, Bella A, Kim YS. An Nacetylgalactosaminyltransferase from human
blood group A plasma. I. Purification and agarose
binding properties. J Biol Chem 1974;249:442-7.
17. Whitehead JS, Bella S, Kim YS. An Nacetylgalactosaminyltransferase from human
blood group A plasma. II. Kinetic and
physicochemical properties. J Biol Chem 1974;
249:3448-52.
18. Nagai M, Dave V, Kaplan BE, Yoshida A. Human
blood group glycosyltransferases. I. Purification of
N-acetylgalactosaminyltransferase. J Biol Chem
1978;253:377-9.
19. Nagai M, Dave V, Muensch H, Yoshida A. Human
blood group glycosyltransferase. II. Purification of
galactosyltransferase. J Biol Chem 1978;253:380-1.
20. Schwyzer M, Hill RL. Porcine A blood groupspecific N-acetylgalactosaminyltransferase. I.
Purification from porcine submaxillary glands. J
Biol Chem 1977;252:2338-45.
21. Schwyzer M, Hill RL. Porcine A blood groupspecific N-acetylgalactosaminyltransferase. II.
Enzymatic properties. J Biol Chem 1977;252:234655.
22. Clausen H, White T, Takio K, et al. Isolation to
homogeneity and partial characterization of a
histo-blood group A defined Fuc alpha 1-2Gal
alpha 1-3-N-acetylgalactosaminyltransferase from
human lung tissue. J Biol Chem 1990;265:1139-45.
23. Navaratnam N, Findlay JB, Keen JN, Watkins WM.
Purification, properties and partial amino acid
sequence of the blood group A-gene-associated
alpha-3-N-acetylgalactosaminyltransferase from
human gut mucosal tissue. Biochem J 1990;
271:93-8.
24. Takeya A, Hosomi O, Ishiura M. Complete
purification and characterization of alpha-3-Nacetylgalactosaminyltransferase encoded by the
human blood group A gene. J Biochem (Tokyo)
1990;107:360-8.

18

25. Yamamoto F, Clausen H, White T, Marken J,
Hakomori S. Molecular genetic basis of the histoblood group ABO system. Nature 1990;345:22933.
26. Ferguson-Smith MA, Aitken DA, Turleau C, de
Grouchy J. Localisation of the human ABO: Np-1:
AK-1 linkage group by regional assignment of AK1 to 9q34. Hum Genet 1976;34:35-43.
27. Yamamoto F, McNeill PD, Hakomori S. Genomic
organization of human histo-blood group ABO
genes. Glycobiology 1995;5:51-8.
28. Bennett EP, Steffensen R, Clausen H, Weghuis DO,
Geurts van Kessel A. Genomic cloning of the
human histo-blood group ABO locus. Biochem
Biophys Res Comm 1995;211:347.
29. Yamamoto F, McNeill PD, Hakomori S. Human
histo-blood group A2 transferase coded by A2
allele, one of the A subtypes, is characterized by a
single base deletion in the coding sequence,
which results in an additional domain at the
carboxyl terminal. Biochem Biophys Res Comm
1992;187:366-74.
30. Yamamoto F, McNeill PD, Yamamoto M, et al.
Molecular genetic analysis of the ABO blood
group system: 1.Weak subgroups: A3 and B3 alleles.
Vox Sang 1993;64:116-9.
31. Yamamoto F, McNeill PD,Yamamoto M, Hakomori
S, Harris T. Molecular genetic analysis of the ABO
blood group system: 3. A(X) and B(A) alleles.Vox
Sang 1993;64:171-4.
32. Yamamoto F, McNeill PD, Kominato Y, et al.
Molecular genetic analysis of the ABO blood
group system: 2. cis-AB alleles. Vox Sang
1993;64:120-3.
33. Yamamoto F, McNeill PD, Yamamoto M, et al.
Molecular genetic analysis of the ABO blood
group system: 4.Another type of O allele.Vox Sang
1993;64:175-8.
34. Blumenfeld OO. Mutation databases and other
online sites as a resource for transfusion medicine:
history and attributes. Transfus Med Rev 2002;
16:103-14.
35. Olsson ML,Thuresson B, Chester MA. An Ael allelespecific nucleotide insertion at the blood group
ABO locus and its detection using a sequencespecific polymerase chain reaction. Biochem
Biophys Res Comm 1995;216:642-7.
36. Olsson ML, Chester MA. Polymorphisms at the
ABO locus in subgroup A individuals. Transfusion
1996;36:309-13.

I M M U N O H E M A T O L O G Y, V O L U M E 2 0 , N U M B E R 1 , 2 0 0 4

Review: ABO blood group system

37. Olsson ML, Chester MA. Frequent occurrence of a
variant O1 gene at the blood group ABO locus.Vox
Sang 1996;70:26-30.
38. Olsson ML, Chester MA. Evidence for a new type
of O allele at the ABO locus, due to a combination
of the A2 nucleotide deletion and the Ael
nucleotide insertion.Vox Sang 1996;71:113-7.
39. Olsson ML, Guerreiro JF, Zago MA, Chester MA.
Molecular analysis of the O alleles at the blood
group ABO locus in populations of different
ethnic origin reveals novel crossing-over events
and point mutations. Biochem Biophys Res Comm
1997;234:779-82.
40. Olsson ML, Santos SE, Guerreiro JF, Zago MA,
Chester MA. Heterogeneity of the O alleles at the
blood group ABO locus in Amerindians. Vox Sang
1998;74:46-50.
41. Hansen T, Namork E, Olsson ML, Chester MA, Heier
HE. Different genotypes causing indiscernible
patterns of A expression on A(el) red blood cells
as visualized by scanning immunogold electron
microscopy.Vox Sang 1998;75:47-51.
42. Olsson ML, Chester MA. Heterogeneity of the
blood group Ax allele: genetic recombination of
common alleles can result in the Ax phenotype.
Transfus Med 1998;8:231-8.
43. Olsson ML, Irshaid NM, Hosseini-Maaf B, et al.
Genomic analysis of clinical samples with
serologic ABO blood grouping discrepancies:
identification of 15 novel A and B subgroup
alleles. Blood 2001;98:1585-93.
44. Olsson ML, Chester MA. Polymorphism and
recombination events at the ABO locus: a major
challenge for genomic ABO blood grouping
strategies.Transfus Med 2001;11:295-313.
45. Ogasawara K, Bannai M, Saitou N, et al. Extensive
polymorphism of ABO blood group gene: three
major lineages of the alleles for the common ABO
phenotypes. Hum Genet 1996;97:777-83.
46. Ogasawara K,Yabe R, Uchikawa M, et al. Molecular
genetic analysis of variant phenotypes of the ABO
blood group system. Blood 1996;88:2732-7.
47. Ogasawara K,Yabe R, Uchikawa M, et al. Different
alleles cause an imbalance in A2 and A2B
phenotypes of the ABO blood group. Vox Sang
1998;74:242-7.
48. Ogasawara K, Yabe R, Uchikawa M, et al.
Recombination and gene conversion-like events
may contribute to ABO gene diversity causing
various phenotypes. Immunogenetics 2001;
53:190-9.
I M M U N O H E M A T O L O G Y, V O L U M E 2 0 , N U M B E R 1 , 2 0 0 4

49. Roubinet F, Kermarrec N, Despiau S, et al.
Molecular polymorphism of O alleles in five
populations of different ethnic origins.
Immunogenetics 2001;53:95-104.
50. Roubinet F, Janvier D, Blancher A. A novel cis-AB
allele derived from a B allele through a single
point mutation.Transfusion 2002;42:239-46.
51. Seltsam A, Hallensleben M, Eiz-Vesper B, et al. A
weak blood group A phenotype caused by a new
mutation at the ABO locus. Transfusion 2002;
42:294-301.
52. Seltsam A, Hallensleben M, Kollmann A, Burkhart J,
Blasczyk R. Systematic analysis of the ABO gene
diversity within exons 6 and 7 by PCR screening
reveals new ABO alleles.Transfusion 2003;43:42839.
53. Yu LC, Lee HL, Chan YS, Lin M.The molecular basis
for the B(A) allele: an amino acid alteration in the
human histo-blood group B alpha-(1,3)galactosyltransferase increases its intrinsic alpha(1,3)-N-acetylgalactosaminyltransferase activity.
Biochem Biophys Res Comm 1999;262:487-93.
54. Yu LC, Chang CY, Twu YC, Lin M. Human histoblood group ABO glycosyltransferase genes:
different enhancer structures with different
transcriptional activities. Biochem Biophys Res
Comm 2000;273:459-66.
55. Yu LC, Twu YC, Chou ML, et al. Molecular genetic
analysis for the B(3) allele. Blood 2002;100:
1490-2.
56. Sun CF, Yu LC, Chen IP, et al. Molecular genetic
analysis for the Ael and A3 alleles. Transfusion
2003;43:1138-44.
57. Yip SP,Yow CM, Lewis WH. DNA polymorphism at
the ABO locus in the Chinese population of Hong
Kong. Hum Hered 1995;45:266-71.
58. Yip SP, Choy WL, Chan CW, Choi CH. The absence
of a B allele in acquired B blood group phenotype
confirmed by a DNA based genotyping method. J
Clin Pathol 1996;49:180-1.
59. Yip SP. Single-tube multiplex PCR-SSCP analysis
distinguishes 7 common ABO alleles and readily
identifies new alleles. Blood 2000;95:1487-92.
60. Yip SP. Sequence variation at the human ABO
locus. Ann Hum Genet 2002;66:1-27.
61. Yamamoto F, Hakomori S. Sugar-nucleotide donor
specificity of histo-blood group A and B
transferases is based on amino acid substitutions. J
Biol Chem 1990;265:19257-62.

19

F.YAMAMOTO

62. Yamamoto F. Molecular genetics of the ABO histoblood group system.Vox Sang 1995;69:1-7.
63. Yamamoto F, McNeill PD. Amino acid residue at
codon 268 determines both activity and
nucleotide-sugar donor substrate specificity of
human histo-blood group A and B transferases: In
vitro mutagenesis study. J Biol Chem 1996;
271:10515-20.
64. Seto NO, Palcic MM, Hindsgaul O, Bundle DR,
Narang SA. Expression of a recombinant human
glycosyltransferase from a synthetic gene and its
utilization for synthesis of the human blood group
B trisaccharide. Eur J Biochem 1995;234:323-8.
65. Seto NO, Palcic MM, Compston CA, et al.
Sequential interchange of four amino acids from
blood group B to blood group A glycosyltransferase boosts catalytic activity and progressively
modifies substrate recognition in human
recombinant enzymes. J Biol Chem 1997;272:
14133-8.
66. Patenaude SI, Seto NO, Borisova SN, et al. The
structural basis for specificity in human ABO(H)
blood group biosynthesis. Nat Struct Biol 2002;
9:685-90.
67. Marcus SL, Polakowski R, Seto NO, et al. A single
point mutation reverses the donor specificity of
human blood group B-synthesizing galactosyltransferase. J Biol Chem 2003; 278:12403-5.
68. Kominato Y, McNeill PD,Yamamoto M, et al.Animal
histo-blood group ABO genes. Biochem Biophys
Res Comm 1992;189:154-64.
69. Moor-Jankowski J, Wiener AS. Blood group
antigens in primate animals and their relation to
human blood groups. Primates in medicine 1969;
3:64-77.
70. Wiener AS, Socha WW, Moor-Jankowski J.
Homologous of the human A-B-O blood groups in
apes and monkeys. Haematologia 1974;8:195-216.
71. Martinko JM,Vincek V,Klein D,Klein J.Primate ABO
glycosyltransferases: evidence for trans-species
evolution. Immunogenetics 1993;37:274-8.
72. Kermarrec N, Roubinet F, Apoil PA, Blancher A.
Comparison of allele O sequences of the human
and non-human primate ABO system.
Immunogenetics 1999;49:517-26.
73. Yamamoto F,Yamamoto M. Molecular genetic basis
of porcine histo-blood group AO system. Blood
2001;97:3308-10.

20

74. Yamamoto M, Lin XH, Kominato Y, et al. Murine
equivalent of the human histo-blood group ABO
gene is a cis-AB gene and encodes a glycosyltransferase with both A and B transferase activity.
J Biol Chem 2001;276:13701-8.
75. Cailleau-Thomas A, Le Moullac-Vaidye B, Rocher J,
et al. Cloning of a rat gene encoding the histoblood group A enzyme. Tissue expression of the
gene and of the A and B antigens. Eur J Biochem
2002;269:4040-7.
76. Iwamoto S, Kumada M, Kamesaki T, et al. Rat
encodes the paralogous gene equivalent of the
human histo-blood group ABO gene. Association
with antigen expression by overexpression of
human ABO transferase. J Biol Chem 2002;277:
46463-9.
77. Saitou N, Yamamoto F. Evolution of primate ABO
blood group genes and their homologous genes.
Mol Biol Evol 1997;14:399-411.
78. Joziasse DH, Shaper JH, Van den Eijnden DH, Van
Tunen AJ, Shaper NL. Bovine alpha-1-3galactosyltransferase: isolation and characterization of a cDNA clone. Identification of
homologous sequences in human genomic DNA. J
Biol Chem 1989;264:14290-7.
79. Larsen RD, Rajan VP, Ruff MM, et al. Isolation of a
cDNA encoding a murine UDP-galactose: beta-Dgalactosyl-1,4-N-acetyl-D-glucosaminide alpha-1,3galactosyltransferase: expression cloning by gene
transfer. Proc Natl Acad Sci USA 1989;86:8227-31.
80. Galili U, Shohet SB, Kobrin E, Stults CL, Macher BA.
Man, apes, and Old World monkeys differ from
other mammals in the expression of alphagalactosyl epitopes on nucleated cells. J Biol Chem
1988;263:17755-62.
81. Platt JL, Parker W. Another step towards
xenotransplantation. Nat Med 1995;1:1248-50.
82. Joziasse DH, Shaper JH, Van den Eijnden DH, Van
Tunen AJ, Shaper NL. Bovine alpha-1->3
galactosyltransferase: isolation and characterization of a cDNA clone. Identification of
homologous sequences in human genomic DNA. J
Biol Chem 1989;264:14290-7.
83. Larsen RD, Rivera-Marrero CA, Ernst LK,
Cummings RD, Lowe JB. Frameshift and nonsense
mutations in a human genomic sequence
homologous to a murine UDP-Gal:beta-D-Gal(1,4)D-GlcNAc alpha(1,3)-galactosyltransferase cDNA. J
Biol Chem 1990;265:7055-61.

I M M U N O H E M A T O L O G Y, V O L U M E 2 0 , N U M B E R 1 , 2 0 0 4

Review: ABO blood group system

84. Yamamoto F, McNeill PD, Hakomori S.
Identification in human genomic DNA of the
sequence homologous but not identical to either
the histo-blood group ABH genes or alpha-1-3
galactosyltransferase pseudogene. Biochem
Biophys Res Comm 1991;175:986-94.
85. Haslam DB, Baenziger JU. Expression cloning of
Forssman glycolipid synthetase: a novel member
of the histo-blood group ABO gene family. Proc
Natl Acad Sci USA 1996;93:10697-702.
86. Keusch JJ, Manzella SM, Nyame KA, Cummings RD,
Baenziger JU. Expression cloning of a new
member of the ABO blood group glycosyltransferases, iGb3 synthase, that directs the
synthesis of isoglobo-glycosphingolipids. J Biol
Chem 2000;275:25308-14.
87. Xu H, Storch T, Yu M, Elliott SP, Haslam DB.
Characterization of the human Forssman
synthetase gene. An evolving association between
glycolipid
synthesis
and
host-microbial
interactions. J Biol Chem 1999;274:29390-8.
88. Mori E, Mori T, Sanai Y, Nagai Y. Radioimmuno-thinlayer chromatographic detection of Forssman
antigen in human carcinoma cell lines. Biochem
Biophys Res Comm 1982;108:926-32.
89. Szulman AE. Chemistry, distribution, and function
of blood group substances. Annu Rev Med 1966;
17:307-22.
90. Szulman AE. The ABH antigens in human tissues
and secretions during embryonal development. J
Histochem Cytochem 1965;13:752-4.
91. Oriol R. ABH and related tissue antigens. Biochem
Soc Trans 1987;15:596-9.
92. Orntoft TF. Carbohydrate changes in bladder
carcinomas. APMIS Suppl 1992;27:181-7.
93. Mandel U, Clausen H, Vedtofte P, Sorensen H,
Dabelsteen E. Sequential expression of carbohydrate antigens with precursor-product relation
characterizes cellular maturation in stratified
squamous epithelium. J Oral Pathol 1988;17:50611.
94. Hakomori S.Antigen structure and genetic basis of
histo-blood groups A, B and O: their changes
associated with human cancer. Biochim Biophys
Acta 1999;1473:247-66.
95. Mourant AE, Kopec AC, Donaniewska-Sobczar K.
Blood groups and diseases. Oxford, UK: Oxford
University Press, 1978.

96. Masamune H, Kawasaki H, Abe S, Oyama K,
Yamaguchi Y. Molisch positive mucopolysaccharides of gastric cancers as compared with
the corresponding components of gastric
mucosa.Tohoku J Med 1958;68:81-91.
97. Stellner K, Hakomori S, Warner GS. Enzymic
conversion of “H1-glycolipid” to A or B-glycolipid
and deficiency of these enzyme activities in
adenocarcinoma. Biochem Biophys Res Comm
1973;55:439-45.
98. Piller F, Cartron JP, Tuppy H. Increase of blood
group A and loss of blood group Sda activity in the
mucus from human neoplastic colon. Rev Fr
Transfus Immuno-Hematol 1980;23:599-611.
99. Orntoft TF, Greenwell P, Clausen H, Watkins WM.
Regulation of the oncodevelopmental expression
of type 1 chain ABH and Lewis(b) blood group
antigens in human colon by alpha-2-Lfucosylation. Gut 1991;32:287-93.
100. Lee JS, Ro JY, Sahin AA, et al. Expression of bloodgroup antigen A—a favorable prognostic factor in
non-small-cell lung cancer. N Engl J Med 1991;324:
1084-90.
101. Miyake M,Taki T, Hitomi S, Hakomori S. Correlation
of expression of H/Le(y)/Le(b) antigens with
survival in patients with carcinoma of the lung. N
Engl J Med 1992;327:14-8.
102. Hakkinen I. A-like blood group antigen in gastric
cancer cells of patients in blood groups Q or B.
JNCI 1970;44:1183-93.
103. Denk H,Tappeiner G, Davidovits A, Eckerstorfer R,
Holzner JH. Carcinoembryonic antigen and blood
group substances in carcinomas of the stomach
and colon. JNCI 1974;53:933-42.
104. Kapadia A, Feizi T, Jewell D, Keeling J, Slavin G.
Immunocytochemical studies of blood group A, H,
I, and i antigens in gastric mucosae of infants with
normal gastric histology and of patients with
gastric carcinoma and chronic benign peptic
ulceration. J Clin Pathol 1981;34:320-37.
105. Hattori H, Uemura K, Ogata H, et al.
Characterization of glycolipids from the gastric
cancer of a patient of p, O, Le(a–b+) blood type:
presence of incompatible blood group antigens in
tumor tissues. Cancer Res 1987;47:1968-72.
106. Metoki R, Kakudo K,Tsuji Y, et al. Deletion of histoblood group A and B antigens and expression of
incompatible A antigen in ovarian cancer. JNCI
1989;81:1151-57.

I M M U N O H E M A T O L O G Y, V O L U M E 2 0 , N U M B E R 1 , 2 0 0 4

21

F.YAMAMOTO

107. Hattori H, Uemura K, Ishihara H, Ogata H.
Glycolipid of human pancreatic cancer; the
appearance of neolacto-series (type 2 chain)
glycolipid and the presence of incompatible
blood group antigen in tumor tissues. Biochim
Biophys Acta 1992;1125:21-7.
108. Clausen H, Hakomori S, Graem N, Dabelsteen E.
Incompatible A antigen expressed in tumors of
blood group O individuals: immunochemical,
immunohistologic, and enzymatic characterization. J Immunol 1986;136:326-30.
109. David L, Leitao D, Sobrinho-Simoes M, et al.
Biosynthetic basis of incompatible histo-blood
group A antigen expression: anti-A transferase
antibodies reactive with gastric cancer tissue of
type O individuals. Cancer Res 1993;53:5494-500.
110. Meldgaard P, Holmes EH, Bennett EP, et al. Blood
group ABO-related glycosylation of urothelial cell
lines: immunocytological, enzymatic, and genetic
characterization. Cancer Res 1994;54:2440-7.
111. Meldgaard P, Johnson PH, Langkilde NC, Wolf H,
Orntoft TF. Loss of ABH antigen expression in
bladder cancer is not caused by loss of
heterozygosity of the ABO locus. Int J Cancer
1995;63:341-4.
112. Kominato Y, Tsuchiya T, Hata N, Takizawa H,
Yamamoto F. Transcription of human ABO histoblood group genes is dependent upon binding of
transcription factor CBF/NF-Y to minisatellite
sequence. J Biol Chem 1997;272:25890-8.
113. Baylin SB, Herman JG, Graff JR,Vertino PM, Issa JP.
Alterations in DNA methylation: a fundamental
aspect of neoplasia. Adv Cancer Res 1998;72:14196.
114. Baylin SB, Herman JG. DNA hypermethylation in
tumorigenesis: epigenetics joins genetics. Trends
Genet 2000;16:168-74.
115. Kominato Y, Hata Y,Takizawa H, et al. Expression of
human histo-blood group ABO genes is
dependent upon DNA methylation of the
promoter region. J Biol Chem 1999;274:37240-50.
116. Iwamoto S, Withers DA, Handa K, Hakomori S.
Deletion of A-antigen in a human cancer cell line
is associated with reduced promoter activity of
CBF/NF-Y binding region, and possibly with
enhanced DNA methylation of A transferase
promoter. Glycoconj J 1999;16:659-66.

22

117. Cooper NR, Jensen FC,Welsh RM Jr., Oldstone MB.
Lysis of RNA tumor viruses by human serum:
direct antibody-independent triggering of the
classical complement pathway. J Exp Med 1976;
144:970-84.
118. Banapour B, Sernatinger J, Levy JA. The AIDSassociated retrovirus is not sensitive to lysis or
inactivation by human serum. Virology 1986;
152:268-71.
119. Hoshino H,Tanaka H, Miwa M, Okada H. Human Tcell leukaemia virus is not lysed by human serum.
Nature 1984;310:324-5.
120. Takeuchi Y, Cosset FL, Lachmann PJ, et al. Type C
retrovirus inactivation by human complement is
determined by both the viral genome and the
producer cell. J Virol 1994;68:8001-7.
121. Rother RP, Fodor WL, Springhorn JP, et al. A novel
mechanism of retrovirus inactivation in human
serum mediated by anti-alpha-galactosyl natural
antibody. J Exp Med 1995;182:1345-55.
122. Takeuchi Y, Porter CD, Strahan KM, et al.
Sensitization of cells and retroviruses to human
serum by (alpha 1-3) galactosyltransferase. Nature
1996;379:85-8.
123. Arendrup M, Hansen JE, Clausen H, et al. Antibody
to histo-blood group A antigen neutralizes HIV
produced by lymphocytes from blood group A
donors but not from blood group B or O donors.
AIDS 1991;5:441-4.
124. Preece AF, Strahan KM, Devitt J, Yamamoto F,
Gustafsson K. Expression of ABO or related
antigenic carbohydrates on viral envelopes leads
to neutralization in the presence of serum
containing specific natural antibodies and
complement. Blood 2002;99:2477-82.
125. Daniels G. Human blood groups. Oxford: Blackwell
Science, 1995.
126. Schenkel-Brunner H. Human blood groups. New
York: Springer-Verlag, 2000;54-150.
Fumiichiro Yamamoto, Ph.D., Associate Professor, The
Burnham Institute, 10901 N. Torrey Pines Road, La
Jolla, CA 92037, Tel: 858-646-3116, Fax: 858-6463173, e-mail: fyamamoto@burnham.org

I M M U N O H E M A T O L O G Y, V O L U M E 2 0 , N U M B E R 1 , 2 0 0 4

Review: the molecular basis of
the Rh blood group phenotypes
F.F.WAGNER AND W.A. FLEGEL

The Rh blood group system is the most complex
blood group system known.1 Currently, 48 antigens are
distinguished. Even this number does not fully reflect
the serologic diversity of the Rh blood group, because
this list of antigens disregards the complexity of the D
antigen revealed by monoclonal antibodies binding to
different epitopes2,3 and by the anti-D formed in
carriers of partial D phenotypes.4 This review presents
an overview of the molecular structures shaping the
serologic complexity of the Rh blood group system.
We outline the general principles underlying the
relationship of Rh molecular structure and phenotype.

Fig. 1.

Rh proteins
The antigens of the Rh blood group system are
located on two proteins.5,6 RhD carries the D (Rh1)
antigen, and RhCE carries the C, c, E, and e (Rh2 to Rh5)
antigens. Both proteins are composed of 417 amino
acids.5,7 Current structural models predict 6 extracellular loops and 12 transmembranous and 7 intracellular protein segments.8,9 Both C- and N-terminal
protein ends are intracellular (Fig. 1). Depending on the
RHCE allele considered, RhD and RhCE differ in 34 to
37 amino acids. These differences are dispersed
throughout the amino acid sequence of the protein.
Only a limited number of these differences are located

Rh topology in the RBC membrane. The protein is assumed to possess 12 transmembranous segments, 6 extracellular loops, and 5 intracellular
loops. Both the C- and N-terminal ends of the protein are intracellular. Each amino acid is depicted by a circle; black circles indicate positions that
differ between RhD and RhCE in all frequent alleles, grey circles indicate positions that differ between RhD and RhCE only in some alleles. Most
differences are located in transmembranous or intracellular segments; among the extracellular loops, only loops 3, 4, and 6 differ between RhD and
RhCE. The latter fact is most important for D antigen expression and is discussed in detail in the text.
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exofacially; such exofacial differences are restricted to
loop 3 encoded by exon 4, loop 4 encoded by exon 5,
and loop 6 encoded by exon 7. In loop 2 encoded by
exon 2, the c allele but not the C allele of RHCE differs
from RhD (Fig. 1).
In the RBC membrane, the Rh proteins form a
complex with Rh-associated glycoprotein (RhAG),
previously known as RH50.10 This “Rh complex” is
tightly linked to the cytoskeleton.11 Several additional
proteins, such as CD47, LW, and the Duffy glycoprotein,
are associated with the Rh complex but not necessary
for Rh expression. The membrane expression of Rh
depends on functional RhAG: mutations in RhAG could
be shown to underly the “regulator form” of the Rhnull
phenotype characterized by lack of all Rh antigens.12
The RhAG and Rh proteins share homologies with
ammonia transport proteins and have been shown to
transport ammonia.13–15 Currently, it is unknown
whether this represents their sole function; indirect
data16 feed speculation on transport functions for other
gases more relevant to the RBCs, such as CO2 or O2.
Furthermore, the distorted RBC shape in the Rhnull
phenotype indicates the importance of the correct
interaction of the Rh complex with the cytoskeleton.11

RH gene locus
The two RH genes, RHD and
RHCE, are each composed of 10
exons17 and are spread along about
60,000 bp genomic sequence each.
The genes have opposite orientation,18,19 face each other by their 3′
ends, and are separated by only
about 30,000 bp.18,19 A third gene,
SMP1, is interspersed between
RHD and RHCE.18 There is no
indication that SMP1 is functionally
related to RH or expressed on the
RBC surface; rather SMP1 is
considerably more conserved
throughout evolution than RH20 and
mainly expressed in the cytoplasm.21 Based on a comparison of
the RH loci of man and mice, RHD
is the duplicated gene,20 whereas
RHCE with its close proximity to
SMP1 represents the ancestral
position (Fig. 2).
The RHD gene is flanked by
two DNA segments of 9000 bp,
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Fig. 2.

called Rhesus boxes.18 The D– phenotype in Whites is
usually caused by the homozygous presence of a
haplotype in which all the RHD gene is deleted.22 This
deletion occurred in the Rhesus boxes,18 probably by
an unequal crossing over. Hence, the RH locus of the
RHD negative haplotype is almost identical to the
ancestral RH locus before the duplication event.
The characterization of the deletion site was
instrumental for the specific detection of the RHD
deletion.18 Since then, the RHD deletion may be
detected even in heterozygous form, i.e., if it occurs in
trans to the normal RHD allele. Thus, it became
possible to distinguish D+ individuals with two RHD
genes from D+ individuals with one RHD gene and one
RHD deletion. For instance, it is important to predict
the probability of a D+ pregnancy if the mother is D–.23
Such determination cannot be achieved by serology.
However, even current molecular methods for the
detection of the RHD deletion are not yet reliable in
people of African descent.24,25

Mechanisms contributing to the molecular
variability of the RH locus
Several different mechanisms contributed to the
large number of RH alleles. Many of these mechanisms
are shared by most other genes and contributed to the

RH duplication and deletion. In the ancestral state (deduced from the mouse RH locus), a
single RH gene is in close proximity to the SMP1 gene. Two other genes, the P29-associated
protein (P) and NPD014 (N) are upstream of SMP1. In the duplication event, an inversed RH
gene is introduced between NPD014 and SMP1. At the insertion point, a 9000-bp DNA
segment is duplicated, resulting in the formation of upstream and downstream Rhesus boxes,
which flank the RHD gene. The RHD deletion occurred by a recombination of the upstream
and downstream Rhesus boxes and led to a RH locus, which closely resembles the ancestral
state before the RH duplication occurred.
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Fig. 3.

Gene conversions in cis. Panel A:The two RH genes have opposite orientation. Panel B: A gene conversion in cis might be favored by a hairpinlike structure. Panel C:As a result of the gene conversion, part of one RH gene is replaced by the corresponding segments of the other gene. Panel
D: If transcription continues on the wrong template throughout SMP1, it may return to the correct template when it enters the second RH gene.
Panel E:The result of this multi-gene-conversion are haplotypes with two “single hybrid” alleles, as described for CWD–,27 EKH,28 and some D· ·.29

complexity of other blood groups, like KEL and LU. A
single nucleotide substitution may cause a change of
the encoded amino acid (missense mutation), leading
to a single amino acid substitution; introduce a
premature stop codon (nonsense mutation), leading to
a truncated protein; or destroy the splice consensus
sequence (splice site mutation), preventing the correct
splicing of the allele. Insertions or deletions of one or a
few nucleotides usually lead to a frameshift resulting in
completely aberrant amino acid sequences. Finally,
recombinations between different alleles lead to alleles
sharing peculiarities of both parent alleles.
Two mechanisms that are favored by the structure
of the RH locus are rare in other blood group systems.
The two highly similar Rhesus boxes flanking the RHD
gene18 allowed the deletion of RHD by an unequal
crossing over (Fig. 2) in the common RHD negative
haplotype. Obviously, a similar mechanism is not
possible for RHCE, and there is no common RHCE
negative haplotype.
The high similarity of both genes and their opposite
orientation favored gene conversions in cis (Fig. 3), in
which internal parts of one gene are replaced by the
corresponding parts of the other gene.26 The results
were RHD-CE-D or RHCE-D-CE hybrid alleles. Some
haplotypes (e.g., DCw–27) are composed of two single

hybrid alleles of type RHD-CE and RHCE-D.28,29 Such
haplotypes are best explained by gene conversions
involving more than one gene (Fig. 3).

Molecular basis of the antigen D
Independent of the exact binding site, any anti-RBC
antibody binding to an Rh protein is considered an antiD if the antibody binds to RhD but not to RhCE. With
a few exceptions, the presence of D antigen may be
equated to the presence of RhD-specific amino acids in
any of the exofacial loops 3, 4, or 6. These three loops
are the only exofacial protein segments that differ
between RhD and RhCE. Monoclonal antibodies
binding to different parts of RhD usually differ in their
ability to bind to aberrant forms of RhD; this
phenomenon was instrumental for establishing the
serologic classification of D epitopes.30
Aberrant RHCE alleles encoding D-specific amino
acids in the extracellular loops 3, 4, and 6 often express
some D epitopes. The best known example is DHAR
caused by an RHCE-D(5)-CE hybrid allele31 that
encodes D epitope 6 (epD6)2 and is often typed as D+
by using commercial, licensed monoclonal anti-D.
Recently, the observation of the RHCE allele ceRT 32
has added to the complexity of D antigen expression:
the ceRT allele encodes part of epD6 without encoding
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any D-specific amino acid. This observation provided
direct evidence that the Ser to Thr missense mutation
at codon 154 forms structural features that are present
in RhD but not in standard RhCE. This conclusion is in
congruence with the notion that most D epitopes
represent three-dimensional structures rather than
linear protein segments.33

Molecular basis of the D– phenotype and
of Del
The D– phenotype may be caused by the lack of
functional RhD protein or by the presence of aberrant
forms of RhD that do not express D antigen.
The most frequent cause for the absence of a
functional RhD protein is a deletion of the whole RHD
gene.18,22 This D– haplotype represents 40 percent of
all haplotypes in Whites, and even in Africans, it may be
more often the cause of D– than all other causes
combined.18,25 The RHD deletion resulted from an
unequal crossing over of the Rhesus boxes and is
characterized by the presence of a “hybrid Rhesus
box”18 (Fig. 2). The absence of the RHD gene in most
D– Whites was a fortunate coincidence fostering the
analyses of the molecular basis of D antigen: Whites
with weak D or partial D often carry the RHD deletion
in trans, a fact that much simplified the analyses of
their single aberrant RHD alleles. Likewise, almost any
RHD-specific polymorphism is a good predictor of D
antigen in Whites.
Other observed sources of non-functional RhD
proteins are nonsense mutations leading to premature
stop codons, insertions and deletions leading to
frameshifts, and splice site mutations that prevent the
correct splicing of the RhD mRNA. These nonfunctional alleles are important for any genotyping
approach34 including RHD genotyping by PCR: unless
the mutation is detected specifically, RHD PCR will give
a falsely positive prediction for D antigen.26 The most
important allele of this type is RHDΨ,35 which is about
as frequent as the RHD deletion among some African
populations.35 Therefore, a correct D antigen prediction by PCR in Africans became possible only after the
characterization of the structure of RHDΨ,35 which
harbors a 37-bp insertion at the intron 3/exon 4
junction, a stop codon in exon 6, and several missense
mutations. Today, a specific detection of RHDΨ is
considered mandatory for any D antigen prediction by
PCR.26
Some splice site mutations are permissive for the
expression of minute traces of D antigen resulting in a
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Del phenotype, in which D antigen may only be
demonstrated by adsorption and elution of anti-D. The
most important example is RHD(G1227A),26 the most
frequent Del allele in Japanese and Chinese,36 and the
second most frequent Del allele among Whites.26
Other forms of aberrant RHD alleles can express
RhD proteins that however do not carry D antigen.
Such RhD proteins are encoded by RHD-CE-D hybrid
alleles in which the RHCE segments must encompass
at least exons 4 to 7.26 This causes exofacial loops 3 to
6 to resemble their RhCE counterparts. Since loops 1
and 2 do not differ between RhD and RhCE, the whole
exofacial protein part of these hybrid proteins is
identical to RhCE, and hence these aberrant RhD
proteins cannot express D antigen. The two most
important examples of such alleles are dCces,37 a RHDCE(4-7)-D hybrid allele with some additional
substitutions, and RHD-CE(2-9)-D.27 The dCces allele is
the third most common cause of D– phenotypes
among Africans,25 and RHD-CE(2-9)-D is a major cause
for D– phenotypes in Chinese.36 It should be kept in
mind that, although these hybrid alleles do not express
D antigen, they are present in the RBC membrane and
may carry other antigens, albeit often in modified, e.g.,
weakened, forms. For example, the RhD protein of
dCces carries C antigen.38

Partial D caused by hybrid proteins
What happens if some, but not all, RhD-specific
extracellular loops are replaced by their RhCE
counterparts? Depending on their exact binding site
on the RhD protein, some monoclonal anti-D
antibodies will be able to bind to such hybrid proteins,
other anti-D will not be able to bind. Thus, these hybrid
RhD proteins present themselves serologically as a
partial D phenotype whose hallmark is the lack of
some, but not all, distinct D epitopes (epD), which are
defined by monoclonal anti-D. Using polyclonal anti-D,
these partial D RBCs are typed as D+, but carriers of
these alleles may form anti-D antibodies, which bind to
those parts of normal RhD that are lacking in the
aberrant RhD protein.
Similar to the RHD-CE-D hybrids represented by
dCces, the partial D phenotype is mainly determined by
the RhD- or RhCE-specificity of the exofacial loops 3, 4,
and 6 and influenced by the RhE/Rhe origin of loop 4.39
There are six possible combinations of the segments
encoding exofacial loops 3, 4, and 6 (Table 1).
Substitutions in nonexofacial protein segments have
generally minor effects on the phenotype.40 Alleles that
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and a difficult serologic
detection.
Based on the
Loop 3
Loop 4
Loop 6
Antigens expressed
frequency of anti-D immu(exon 4*) (exon 5)
(exon 7)
Phenotype
D epitopes
Low-frequency antigens
nization events,49 DNB50 and
RhCE†
RhD
RhD
DFR
(1),(2),3,4,(5),(6/7),9
FPTT (Rh50)
DVII51 may be the two most
RhD
RhCE
RhD
DVa‡
2,3,4,6/7,8,9
DW (Rh23)
important partial D of this
RhD
RhD
RhCE
DIVb
5,6/7,8
Evans (Rh37)
type.
RhCE
RhCE
RhD
DVI
3,4,9
BARC (Rh52)
Similar to hybrid alleles,
RhCE
RhD
RhCE
DHAR
(5),(6/7)
RH33, FPTT (Rh50)
the presence of aberrant
RhD
RhCE
RhCE
DBT
(6/7),8
Rh32
amino acids in the RhD
* The polymorphic parts of loops 3, 4, and 6 are encoded by exons 4, 5, and 7, respectively.
sequence may cause the
† RhD indicates RhD-like sequence in the loop, RhCE RhCE-like sequence.
expression of low-frequency
‡ For the expression of a DVa phenotype, the RhD-specific alanine at position 226 must be retained (donor allele e). A proline
at 226 (donor allele E) leads to a different phenotype, e.g. in DBS.
antigens. The most important
example is the Tar (RH40)
differ in the exact extent of the substitution but
antigen accompanying DVII46 that is caused by a
express the same exofacial protein segments form
leucine to a proline substitution at position 110.
clusters of alleles that share similar phenotypes.39–41
Three of these clusters (DIVb, DVa, and DVI) were
Table 2. Partial D caused by missense mutations
recognized early on and form three major groups of the
Loop
Position
involved
involved
Substitution
Trivial name
D category classification.42,43 The other possible
combinations are represented by DFR,43 DHAR,31 and
1*
54
Leu to Pro
DMH81
44
DBT and have been recognized only since the mid
2
103
Ser to Pro
(G negative RhD)63
1980s.
110
Leu to Pro
DVII51
The unique combinations of RhD- and RhCE3
166
His to Pro
DFW82
specific extracellular loops found in hybrid RHD-CE-D
4
229
Arg to Lys
DHR83
alleles often are antigenic and may explain the low233
Glu to Lys
DHK28
frequency antigens expressed by those alleles, e.g.,
234
Arg to Trp
DYU†
45
46
FPTT in DFR and BARC in D category VI.
235
Lys to Thr
DHO53
Of course, there are a few exceptions to this
5
283
Thr to Ile
DHMi84
general outline, which are exemplified by two known
284
Ser to Leu
“Sample A”85
partial D phenotypes that involve segmental substi285
Cys to Tyr
DIM52
tutions other than loops 3 to 6: (1) DIIIb is caused by
6
353
Gly to Arg
DNU86
a substitution of exon 2 corresponding to loop 247 and
354
Ala to Asp
DII86
(2) DIIIc by a substitution of exon 348 that presumably
355
Gly to Ser
DNB50
does not affect any exofacial amino acid. Although
358
Met to Thr
DWI87
these phenotypes may become immunized to normal
* Depending on the model used, this amino acid position is considered
D, the alterations of the D antigen are much more
transmembranous closely adjacent to the RBC surface.
† GenBank entry AJ557827
limited than in the other hybrids, and their serologic
detection using monoclonal antibodies is difficult.
Table 1. Phenotype of RHD-CE-D and RHCE-D-CE hybrid alleles with segmental substitutions in exofacial
loops 3 to 6

Partial D caused by missense mutations
affecting the exofacial protein segments
Missense mutations affecting the exofacial protein
segments of RhD generally lead to a partial D
phenotype. Because there are many more possible
missense mutations than segmental substitutions, the
phenotypic changes are much more diverse than those
observed in partial D caused by hybrid proteins (Table
2). However, the phenotypic changes are often limited,
correlating with an often low anti-D immunization risk

Weak D caused by missense mutations
affecting the nonexofacial protein segments
If a missense mutation affects a nonexofacial
segment of the RhD protein, the influence on the D
antigen is limited. However, such mutations tend to
interfere with membrane integration of the RhD
protein and are causing the vast majority of the weak D
phenotypes.9 Although each allele has a distinct
phenotype,52 a purely serologic discrimination of the
many alleles is almost impossible, because the
phenotypic differences are most often minute. The
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weak D types are designated by numbers according to
their molecular structure; the lowest numbers were
given to the most frequent types in the initial study,9
which has been proved since then to be representative
for White populations in general (Table 3).53–55 No alloanti-D immunization has been reported for weak D
type 1 to type 3.49,52 Caution should be applied when
considering the transfusion strategy for the less
frequent weak D types, because, at the moment, it is
not possible to exclude the possibility that changes in
nonexofacial protein segments may allow allo-anti-D
immunization.
The mechanisms underlying reduced RhD
expression by weak D alleles are not completely understood and may differ depending on the allele
concerned.56 Almost all the involved single point
mutations relate to amino acids conserved throughout
species.57 The missense mutations seem to occur in
clusters9 (Fig. 4), which might hint to regions important
for the correct integration of the Rh proteins in the
membrane or the correct interaction with RhAG.

Fig. 4.
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Table 3. Examples of clinically important and well defined weak D
types*
Weak D
type

Position
involved

Substitution

Intracellular/
transmembranous

1

270

Val to Gly9

transmembranous

2

385

9

Gly to Ala

transmembranous

3

3

Ser to Cys9

4.0
4.1

4.2†

intracellular

201

9

Thr to Arg

transmembranous

223

Phe to Val9

transmembranous

16

Trp to Cys50

transmembranous

201

Thr to Arg

transmembranous

223

Phe to Val

transmembranous

201

Thr to Arg50

transmembranous

223

Phe to Val

transmembranous

342

Ile to Thr

transmembranous

5

149

Ala to Asp9

transmembranous

11

295

Met to Ile9

transmembranous

15

282

Gly to Asp9

transmembranous

20

417

Phe to Ser

88

intracellular

* A regularly updated list can be found at the RhesusBase: http://www.uniulm.de/~wflegel/Rh/.
† The protein sequence of weak D type 4.2 is identical to the partial D DAR.59

The predicted topology of RhD in the RBC membrane is shown. Amino acids are depicted as circles. Black circles indicate amino acid
substitutions, each of which was correlated with a molecularly distinct weak D type.
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Dispersed mutations, “African” alleles and
the phylogeny of RHD alleles
A few partial D43,49,52,58–60 first detected among
individuals of African descent are characterized by a
multitude of missense mutations dispersed throughout
the amino acid sequence of the RhD protein. The
substitutions often are typical for RhCE but do not
form a continuous stretch of RhCE sequence within
RhD. The observation of these alleles is best explained
assuming an RHD phylogeny in which almost all RHD
alleles detected in Eurasians form just one of four
branches.60 The multitude of missense mutations in
“African” alleles simply reflects a longer phylogenetic
distance from standard RhD (Fig. 5). The lack of
“African” alleles in Eurasians is probably the result of a
bottleneck during the migration out of Africa. Only a
few “African” alleles, such as weak D type 4 9 and DAU0,60 are occasionally observed among Whites. It is
currently unknown whether these alleles were present
during the primary bottleneck or entered the Eurasian
allele pool by secondary migrations. Among Africans,
alleles of all four clusters, including the alleles of the
“Eurasian” cluster, are frequent.

Fig. 5.

Molecular basis of c, E, and G antigens
These three antigens are strongly correlated with
the presence of a specific amino acid in an Rh protein:
a c antigen is determined by Pro at position 103,61,62 G
antigen by Ser at position 103,63 and E antigen by Pro at
position 226.61 Ser at position 103 is present both in
RhD and in the C allele of RhCE, therefore, both C+ and
D+ haplotypes generally also express G antigen.
The mechanisms leading to partial D, weak D, and
D– phenotypes may also occur in RhCE and lead to
aberrant RhCE alleles carrying partial antigens,
weakened antigens, or low-frequency antigens or not
expressing the specific antigen despite PCR prediction
of the corresponding allele (Table 4). However, these
phenomena are recognized less frequently, because the
antigens are less immunogenic than D and there are
fewer monoclonal antibodies that could unravel
lacking epitopes.

Molecular basis of e and C antigens

The molecular bases of e and C antigens are a bit
more complicated, because the amino acids
characterizing these alleles of RhCE are also present in
RhD. While the e antigen is associated with the
presence of alanine at position
226,61 which is also found in RhD, e
antigen is only expressed if its
typical alanine occurs in an “RhCE
context.” The minimal necessary
“RhCE” context is unknown: RHCED(5)-CE alleles like R0Har lack RHCE
exon 5 but express some e antigen.
These alleles may cause a falsely
negative e antigen prediction by
PCR.64
The hallmark of alleles expressing C antigen is the presence of
RHD exon 2 (encoding exofacial
loop 2) in an RHCE context.61 Two
mechanisms have led to such
proteins: the “standard” C allele (Ce)
Phylogenetic tree of RHD. There are four independent branches of RHD alleles: The D
differs from “standard” ce by an
category IVa cluster, the weak D type 4 cluster, the Eurasian D cluster, and the DAU cluster.
The alleles of the D category IVa, weak D type 4, and DAU clusters are largely confined to RHD-like type exon 2 that resulted
individuals of African ancestry and generally occur in Dce haplotypes. The alleles of the from a gene conversion with RHD65;
Eurasian D cluster are predominant in Eurasian populations and most often occur in DCe
and DcE haplotypes. The vast majority of aberrant alleles detected in individuals of Eurasian a small duplication at the insertion
populations belong to the Eurasian D cluster and may be derived from “standard” RHD by a
point was found to be the most
single molecular event (i.e., single nucleotide substitution or single gene conversion). In
contrast, most alleles of the “African” clusters differ from “standard” (Eurasian) RHD by more reliable molecular polymorphism to
than a single molecular event.
predict this mechanism of C antigen
The phylogenic relationship between the four clusters is not completely resolved, the
66
In addition, in this
depicted topology is just one possibility. Likewise, it should be noted that the RHCE variation expression.
present among “African” haplotypes is not depicted.
type of C+ allele, a cysteine must be
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Table 4. Examples of partial and weak antigens caused by aberrant RHCE alleles
Mechanism

Example

Gene conversion

E category II

“Parent allele”

Mutation

cE

Ce-D(2-3)-ce

89

=
RN 90

Ce

RHCE-D(4)-CE

Ce

RHCE-D(3 partial-4)-CE

31

ce*

RHCE-D(5)-CE

91

R0Har

Antigens lost

Antigens expressed

Rh46

Rh32
Rh33,Rh50
Rh33,Rh50

CeVA

Ce

RHCE-D(5)-CE

Missense mutation

CX 92

Ce

A36T

MAR

CX

(exofacial)

CW 92

Ce

Q41R

MAR

CW

Rh26

93

RH:-26
CeMA

E cat V = EHK
32

ceRT

E cat I
Missense mutation

28

89

ce

G96S

Ce

R114W

cE

R154T

ce

R154T

E

M167K

(Har*)
E epitopes
D epitope 6
E epitopes

E cat III

89

E

Q233E, M238V

E epitopes

E cat IV

89

E

R201T

E epitopes ?

(non-exofacial)
VS
In-frame-deletion

eU

70

L245V

ce(W16C)†

95

Del 229

VS
Very weak e

* RBC samples harboring this allele react with human serum Har. It is unknown whether the target antigen of this serum is identical to a known low-frequency antigen of the Rh
blood group
† ce(W16C) indicates ce allele encoding cysteine at codon 16.This allele is generally associated with a Dce haplotype69 and encodes a weakened e antigen.94 Most “African”
RHCE alleles derive from this allele.

present at position 16 encoded by exon 1. This
cysteine is necessary for expression of C antigen,67
although it is not C-specific as it is shared by many ce
alleles of the Dce haplotype.68,69 A different mechanism
leads to the C antigen of dCces: this C antigen is carried
by an aberrant RhD protein38 encoded by an RHDCE(4-7)-D hybrid allele with several additional
substitutions,70 including an RHCE-like threonine at
position 152.The dCces haplotype codes for both C and

c, because the accompanying RhCE protein carries c
antigen.

Large RHCE-D-CE hybrids and the D– –
phenotype
Similar to the loss of D antigen in RHD-CE-D hybrid
alleles with a CE segment ranging from exons 4 to 7,
substitution of all or almost all RhCE-specific
extracellular protein segments with RhD sequence

Table 5. “African” RHCE alleles*
Allele type

Allele name

Antigens lacking

RH:-18,-19 (HrS-,hrS-)

ceEK 78

RH18, RH19 (HrS, hrS)

78

ceBI

RH: -19 (hrS-), Partial e
B

RH:-34 (Hr -)
Partial e
RH:32,-46
Weak e

S

“New” antigens

Molecular bases†
Trp16Cys, Met238Val, Arg263Gly, Met267Lys

S

RH18, RH19 (Hr , hr )

Trp16Cys, Met238Val, Ala273Val, Leu378Val

ceAR 59

RH18, RH19 (HrS, hrS)

Trp16Cys, Met238Val, Leu245Val, Arg263Gly,
Met267Lys, Ile306Val

ceMO 96

RH19 (hrS)

s 37

Ccde

RH34 (HrB)

Trp16Cys,Val223Phe
RH20 (VS)

ces(340CT) 78

=
RN 90
=
RN 90

Arg114Trp, Leu245Val
RH46

RH32

RH46

RH32

†

ce(W16C) 94
S 70

dCceS

RHCE-D(4)-CE
RHCE-D(3 partial-4)-CE
Trp16Cys

ce

RH10, RH20 (V,VS)

Trp16Cys, Leu245Val

ceCF 97

RH20, RH43 (VS, Crawford)

Trp16Cys, Gln233Glu, Leu245Val

* Only important examples relevant to specific antigens are given. Several additional RHCE alleles have been described in individuals of African ancestry but often still await a
full serologic characterization.
† Among Africans, R0Har appears to be linked to a D+ allele.
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Table 6. Most likely explanations for Rh antigens using a loop-centered approach*
Antigen
Number

Antigen
symbol

1
2
3
4
5
6
7

D
C
E
c
e
f
Ce

8
9
10
11
12
17
18
19
20
21
22
23
26
27
28
29
30
31
32
33

CW
CX
V
EW
G
Hr0
Hr
hrS
VS
CG
CE
DW
c-like
cE
hrH
Total RH
Goa
hrB
Rh32
Har

34
35
36
37
39
40
41

HrB
1114
Bea
Evans
C-like
Tar
Ce-like

42
43
44
45
46
47
48
49
50
51
52

CeS
Crawford
Nou
Riv
Sec
Dav
JAL
STEM
FPTT
MAR
BARC

53
54
55

JAHK
DAK
LOCR

Molecular basis
(protein)

Molecular basis
(DNA/Codons)

RhD exofacial loops 3, 4, and 6
RhD-like loop 2 in RhCE with Cys 16
Pro 226 in loop 4
Pro 103 in loop 2
Ala 226 in RhCE loop 4
Pro103 in loop 2 and Ala 226 in loop 4
RhD-like loop 2 in RhCE and Ala 226 in loop 4
and Leu 245 (transmembranous)
Arg 41 in loop 1
Thr 36 in loop 1
Val 245 and Gly 336 (transmembranous location)

RHD exon 4, 5, 7
RHD exon 2 in RHCE
226 Pro in exon 5
103 Pro in exon 2
226 Ala in RHCE exon 5
103 Pro in exon 2 and 226 Ala in exon 5
RHD exon 2 and 226 Ala, 245 Leu in exon 5 RHCE
41 Arg in exon 1
36 Thr in exon 1
245 Val in exon 5 and 336 Gly in exon 7

Ser 103 in loop 2
RhCE exofacial loops 3, 4 and 6
Met 238 in RhCE loop 4
Ala 226 and Met 238 in RhCE loop 4
Val 245 (transmembranous location?)
Ser 103 in RhCE loop 2
Ser 103 in loop 2 and Pro 226 in loop 4
RhCE loop 4 (Gln 233) and RhD loop 3 and 6
Gly 96 and Pro 103 in RhCE loop 2
Pro 103 in loop 2 and Pro 226 in loop 4

103 Ser in exon 2 (both RHD and RHCE possible)
RHCE exons 4,5,7
238 Met in RHCE exon 5
226 Ala and 238 Met in RHCE exon 5
245 Val in exon 5
103 Ser in RHCE exon 2
103 Ser in exon 2 and 226 Pro in exon 5 (RHCE)
RHCE exon 5 and RHD exons 4 and 7
96 Gly and 103 Pro in RHCE exon 2
103 Pro in exon 2 and 226 Pro in exon 5

Any Rh protein
Carried by DIVa†

Any expressed RH gene
Carried by DIVa

RhD loop 3 together with RhCE loop 4 and 6
Probably RhD loop 4 together with RhCE loop
3 and 6
Cys 336 in RhDE

RHD exon 4 together with RHCE exon 5 and 7
RHD exon 5 together with RHCE exon 4 and 7
336 Cys in RHDE

RhD loops 3 and 4 with RhCE loop 6

RHD exon 4 and 5 together with RHCE exon 7

Pro 110 in RhDE loop 2
RhD-like loop 2 in RhCE and 226 Ala in loop 4
and normal loop 1 (Gln 41)
Carried by dCceS†
Gln 233 in loop 4 in VS-like allele

110 Pro in RHDE exon 2
RHD exon 2, 226 Ala in exon 5, normal exon 1

233 Gln in exon 5 of VS-like allele

Carried by DIVa(C)-†
RhCE loop 3
Probably RhCE loop 6

RHCE exon 4
RHCE exon 7

RhCE loop 3 together with RhD loop 4
Normal RhCE loop 1 (Ala 37 and Gln 41)
RhCE loop 3 and 4 (with Ala 226) together
with RhD loop 6;
RhD loop 2 in RhCE without Cys 16
Carried by DIIIa, DOL, and =
RN

RHCE exon 4 together with RHD exon 5
Normal RHCE exon 1 (37 Ala and 41 Gln)
RHCE exon 4 and 5 (with 226 Ala) together with RHD exon 7
RHD exon 2 in RHCE without 16 Cys

* All explanations are tentative and based on the published distribution of the antigens. These interpretations may need modifications, if additional haplotypes encoding or not
encoding the antigens are identified.
† The region of Rh relevant for the antigen cannot be deduced from the published distribution of the antigen among RH haplotypes.
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results in RhCE proteins that do not express CE
antigens or parts thereof.71 Depending on the extent of
the substitution, three forms of RhCE proteins lacking
CE antigens, dubbed “CE-silent haplotypes,”72 result:
substitution of exons 2 to 7 leads to the absence of all
CE antigens in D––.73,74 If exon 7 retains RHCE, the
resulting phenotype is D··,75 which differs from D–– by
the presence of the low-frequency antigen Evans
(Rh37) and the high-frequency antigen Dav (RH47).
Third, if a c-type exon 2, which encodes loop 2, is
present, a cD– phenotype will result.76,77 In the CWD–
phenotype,27,77 exon 2 is RHD but the CW-specific
mutation in exon 1 is present. There is no frequent CEnegative haplotype, therefore CE-silent haplotypes are
only detected if they occur in homozygous or
compound heterozygous form or become apparent by
family studies. The often enhanced expression of D
antigen probably derives from the additional
expression of D antigen in the aberrant RhCE protein.

“African” RHCE alleles
In analogy to the RHD allele of African origin,
several RHCE alleles are frequent in Africans but rare in
Europeans and often differ by a multitude of mutations
(Table 5).37,59,70,78 These alleles code for RhCE proteins
that lack some high-frequency antigens. Immunizations
to these antigens may pose serious logistic problems,
especially if they occur in individuals depending on
chronic transfusion support because of inherited
anemias.78

Rhnull of the amorph type
Carriers of the “amorph” type of Rhnull were shown
to lack any functional RHCE and any functional RHD
genes. Generally, they are caused by nonsense mutations in RHCE in an RHD negative background.79,80

Unresolved issues of RH genotype and
phenotype
The models presented in this review correlate the
Rh phenotype with the type of the extracellular
protein segments and missense, nonsense, and splice
site mutations. These models are powerful in
explaining much of the allelic and antigenic variation
observed in vivo (Table 6). However, it is important to
realize that the exact relationship of D epitopes (epD)
and RhD structures as well as the molecular basis of
several Rh antigens remains unresolved. In addition,
there may be some RHD alleles that lack D antigen
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without obvious changes in the RHD gene.55 Detection
of the RHD deletion by PCR is still hampered by falsely
negative and falsely positive results in Africans,
indicating a variability in Rhesus boxes in Africans that
may well surpass the variation observed among Whites.
Finally, while the function of Rh proteins in the Rh
complex is only emerging, the functional role of
different Rh variants and a possible selection pressure
generating and maintaining the astounding Rh
antigenic variability is a remaining mystery and poses
an opportunity for continuing research.
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Review: the Kell, Duffy, and Kidd
blood group systems
C.M.WESTHOFF AND M.E. REID

After the discovery (over 50 years ago) that the IAT could be
applied to the detection of antibodies to blood group antigens,
there was a rapid increase in the identification of alloantibodies that
caused transfusion reactions or HDN. After Rh, antibodies in the
Kell, Duffy, and Kidd blood group systems were the next in
clinically significant antibodies to be revealed. Much of what has
been learned about these blood groups since the journal
Immunohematology issued its first edition has to do with the
proteins, the genes, and the molecular basis for the antigens. What
has not changed is that, after ABO and Rh, antibodies to antigens in
these three systems are still the most clinically significant. They will
form the basis of this review. Immunohematology 2004;20:37–49

Key Words: blood group systems, Duffy, Kell, Kidd
This article summarizes three clinically significant
blood group systems that are defined by protein
polymorphisms. The proteins that carry antigens in
these blood group systems were difficult to isolate
from the RBC membrane because they are integral
membrane proteins present as minor components.
Biochemical techniques developed in the 1970s and
1980s enabled their purification and partial amino acid
sequencing and led to cloning of the genes in the
1990s. Knowledge of the gene sequence allowed
predictions of the amino acid sequence and of how
these proteins traverse the RBC membrane. Kell is a
single-pass type II membrane glycoprotein, while Duffy
and Kidd are multi-pass proteins with seven and ten
transmembrane spanning domains, respectively.
Importantly, the protein sequences finally offered clues
to the function of these blood group proteins. This was
achieved by using a genomics approach to compare
them with databases containing protein sequences
with known functions and to look for similarities. This
approach identified Kell as a member of the neprilysin
family of enzymes that cleave bioactive peptides, Duffy
as a member of the family of chemokine receptors, and
Kidd as a member of a family of urea transporters. In
addition, it is now known that Kell, Kidd, and Duffy are
not restricted to the RBC, but are present in other
tissues. These molecules are not just of interest to
blood bankers as targets of an immune response, but

their biological role and significance in health and
disease are active areas of investigation.
In the last decade there has been a considerable
increase in the amount of information about these
blood group antigens; principally, the development and
use of PCR has resulted in the rapid elucidation of the
molecular basis for the antigens and phenotypes.
Alloantibodies to antigens in these systems are
clinically significant in transfusion medicine. In this
review we will summarize the antibodies and give an
update on the antigens and the proteins that carry
them.

The Kell and Kx Blood Group Systems
History
The Kell blood group system was discovered in
1946, just a few weeks after the introduction of the
antiglobulin test. The RBCs of a newborn baby, thought
to be suffering from HDN,gave a positive reaction in the
DAT.1 The serum of the mother reacted with RBCs from
her husband and her older child and later was shown to
react with 9 percent of random donors. The system was
named from Kelleher, her surname, and the antigen is
referred to as K (synonyms: Kell, K1). Three years later,
the antithetical antigen, k (synonyms: Cellano, K2),
which is of high incidence in all populations, was
identified by typing large numbers of RBC samples with
an antibody that had also caused mild HDN.2 The Kell
system remained a simple two-antigen system until
1957, when the antithetical Kpa and Kpb antigens and
the K0 (Kellnull) phenotype3 were reported. Subsequently, the number of Kell antigens has grown to 24,
making Kell the third most polymorphic blood group
system known. Kx became a separate blood group
system when the Kx antigen was shown to be carried
on the XK protein, which is encoded by a gene on the
X chromosome.4 Because of the phenotypic, biochemical, and historic association between Kx and Kell, the
Kx system is also included here.
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Antigens
The Kell system consists of five sets of highincidence (shown bolded) and low-incidence
antigens: K and k; Kpa, Kpb, and Kpc; Jsa and Jsb; K11
and K17; K14 and K24. In addition, 14 independently
expressed antigens, 3 low-incidence (Ula, K23, VLAN),
and 10 high-incidence (Ku, Km, K12, K13, K16, K18,
K19, K22, TOU, RAZ), have been identified. All Kell
system antigens are carried on the Kell glycoprotein,
which is present at 3500 to 17,000 copies per RBC.5,6
The null phenotype, K0, lacks Kell antigens, and Kmod
phenotypes have a weak expression of Kell antigens.
RBCs that lack Kell glycoprotein have normal shape,
while red cells that lack XK protein are acanthocytic
(McLeod phenotype).
Kell antigens show population variations (Table 1).
K has an incidence of 9 percent in Caucasians but is
much less common in other ethnic backgrounds.7,8 Kpa
and K17 are also mainly found in Caucasians. Jsa is
almost exclusively found in Blacks, with an incidence
of 20 percent in African Americans. Ula is found in
Finns and Japanese.7,8
Table 1. Kell phenotypes and incidence in different populations
Incidence (%)
Phenotype
K–k+

Caucasian

African American

91

98

K+k+

8.8

2

K+k–

0.2

rare

Kp(a+b–)

rare

0

Kp(a–b+)

97.7

100

Kp(a+b+)

2.3

rare

0.32 Japanese

0

Kp(a–b–c+)
Js(a+b–)

0

1

Js(a–b+)

100

80

rare

19

Js(a+b+)
Ula

Molecular basis
Antigen

Amino acid

Position

Polymorphic
k (K2)

Threonine

K (K1)

Methionine

Kpa (K3)

Tryptophan

Kpb (K4)

Arginine

c

Kp (K21)
a

193

281

Glutamine

Js (K6)

Proline

Jsb (K7)

Leucine

K11

Valine

K17

Alanine

K14

Arginine

K24

Proline

597

302

180

High-incidence
K12+/K12–

His/Arg

548

K13+/K13–

Leu/Pro

329

K18+/K18–

Arg/Trp or Gln

130

K19+/K19–

Arg/Gln

492

K22+/K22–

Ala/Val

322

TOU+/TOU–

Arg/Gln

406

RAZ+/RAZ–

Glu/Lys

249

Low-incidence
Ul(a–)/Ul(a+)

low incidence (2.6% in Finns, 0.46% in Japanese)

The molecular bases of the Kell antigens have been
determined (Table 2).9,10 The threonine to methionine
substitution associated with expression of K antigen
disrupts a glycosylation consensus sequence so that K
has one less N-glycan than k.11 Jsa and Jsb are located
within a cluster of cysteine residues,12 which explains
their increased susceptibility to treatment with
reducing agents compared to other Kell antigens.13 No
Kell haplotype has been found to express more than
one low-incidence Kell antigen, not because of
structural constraints, but because this would require

38

Table 2. Molecular basis of some antigens in the Kell blood group system

Glu/Val

494

K23–/K23+

Gln/Arg

382

VLAN–/VLAN+

Arg/Gln

248

more than one mutation encoding a recognized Kell
system antigen to occur in the same gene.14
Table 3 summarizes the expression of Kell antigens
on RBCs with various Kell phenotypes. Weaker
expression of Kell antigens is found when RBCs carry
Kpa in cis.15–17 Weak expression of Kell antigens can be
inherited or acquired and transient. Inherited weak
expression occurs when the Kell-associated XK protein
is absent (McLeod phenotype); when glycophorin C
and D are absent (Leach phenotype); or when a
portion of the extracellular domain of glycophorin C
and D, specifically exon 3, is deleted (some Gerbichnegative phenotypes).17,18 Transiently depressed Kell
system antigens have been associated with the
presence of autoantibodies mimicking alloantibodies in
auto-immune hemolytic anemia and with microbial
infections. Kell expression was reduced in two cases of
idiopathic thrombocytopenia purpura (ITP), but
returned to normal after remission.3
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Table 3. Comparison of Kell phenotypes17
Phenotype

Expression of antigen
Kell system
Kx

Possible antibody in serum

RBC morphology

Inherited Kell system phenotypes
Common type

Normal

Weak

Alloantibody

Discocytes

Kp(a+b–)

Slight/moderate reduction

Slight increase

Anti-Kpb

Discocytes

Kmod

Marked reduction*

Moderate increase

Anti-Ku-like (not mutually compatible)

Discocytes

K0 heterozygote

Normal

Moderate increase

None

Discocytes

K0

None†

Marked increase††

Anti-Ku

Discocytes

Inherited Kx system phenotype
McLeod CGD

Marked reduction

None

Anti-KL (anti-Kx + anti-Km)

Acanthocytes

McLeod non-CGD

Marked reduction

None

Anti-Km (anti-Kx in one case)

Acanthocytes

McLeod carriers‡

Normal to marked reduction

Not known

None

Discocytes and acanthocytes

Gerbich and Leach
phenotypes

Slight decrease

Normal/weak

Not Kell-related

Discocytes and elliptocytes in
Leach phenotype

AIHA (Kell-related)

Normal to marked
reduction

Slight increase (when
Kell reduced)

“Kell-related” antibodies or
non-specific

Discocytes or spherocytes (due
to the hemolytic anemia)

Thiol-treated RBCs

Not detectable

Slight increase

Not applicable

Not known

Other

* Will adsorb and elute antibody to inherited antigens in Kell system
† Do not adsorb and elute
†† KX protein is decreased; antigen may be more accessible
‡ The proportion of normal to McLeod phenotype RBCs varies in different carrier females.
Only affected males present with 100% of RBCs having the McLeod phenotype.

Antibodies
Kell antigens are highly immunogenic, and anti-K is
common. However, since over 90 percent of donors
are K-negative, it is not difficult to find compatible
blood for patients with anti-K. The other Kell system
antibodies are less common but are also usually IgG
and have caused transfusion reactions and HDN or
neonatal anemia (as discussed in the next section).
Anti-Ku is the antibody made by immunized K0
individuals and Ku represents the high-incidence or
“total-Kell” antigen. Chronic granulomatous disease
(CGD) McLeod males make anti-Kx+Km.This antibody

reacts strongly with K0 cells, more weakly with RBCs of
common Kell phenotype, and not at all with McLeod
phenotype RBCs. Anti-Km is made by non-CGD
McLeod individuals and reacts with RBCs of common
Kell phenotypes, but not with K0 or McLeod RBCs,
suggesting that it detects one or more epitopes
requiring both the Kell and the XK protein. One case
has been reported of a non-CGD male who made an
anti-Kx without the presence of anti-Km.19 Table 3
summarizes the possible antibodies made by
individuals with various Kell phenotypes, and Table 4
gives indications of blood for transfusion.

Table 4. Comparison of features of McLeod phenotype with normal and K0 RBCs
Features

Normal Kell phenotype

K0

McLeod non-CGD

McLeod CGD

Kell system antigens

++++

0

Weak

Weak

Kx antigen

+

++

0

0

Km antigen

++

0

0

0

Antibodies made

To lacking Kell antigens

Anti-Ku

Anti-Km (anti-Kx in one case)

Anti-Kx + -Km

Creatine kinase level

Normal

Normal

Elevated

Normal or Elevated

Blood for transfusion

Normal antigen-negative
phenotype

K0

McLeod or K0

McLeod

Gene defect

Not applicable

Mutations in KEL

Mutations in XK

Deletion of XK and CGD

Morphology

Discocytes

Discocytes

Acanthocytes

Acanthocytes

Pathology

None

None

Muscular and neurological defects

Muscular and neurological defects
with CGD

For more information on the McLeod syndrome, see Web site: http://www.nefo.med.uni-muenchen.de/~adanek/McLeod.html
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HDN
Kell antigens are expressed very early during
erythropoiesis.20 In HDN due to Kell antibodies, fetal
anemia may be severe and appears to be due to
suppression of erythropoiesis, rather than to immune
destruction of fetal RBCs.21,22 Consequently, neither
maternal antibody titers nor amniotic bilirubin levels
are good predictors of the severity of the disease.
Estimation of fetal hemoglobin by cordocentesis is
recommended to manage pregnancies in which the
fetus is K-positive if an affected infant is highly likely.23
DNA molecular typing of amniocytes should also be
considered. Kell typing of fetal RBCs rarely can be
falsely negative due to blocking antibodies.24
Successful treatment of the anemia of HDN due to antiK with recombinant erythropoietin after birth to avoid
blood transfusion has been reported.25 Kell antibodies
have also been reported to suppress myeolopoiesis and
megakaryopoiesis, which can lead to thrombocytopenia in fetuses affected with HDN.26

N-glycosylation sites and 15 cysteine residues that
cause folding through the formation of multiple
intrachain disulfide bonds. This explains why Kell
blood group antigens are inactivated when RBCs are
treated with reducing agents, such as DTT and
aminoethylisothiouronium bromide (AET), which
disrupt disulfide bonds.28 All but two (Jsa and Jsb) of the
Kell antigens are clustered before residue 550, which
strongly suggests that the C-terminal domain is
functionally important. Indeed, the Kell glycoprotein is
a zinc endopeptidase (below) and the C-terminus
contains a zinc-binding domain that is the catalytic
site.9,29,30
XK is a 444-amino acid, 37-kDa protein31 that is
predicted to span the membrane ten times (Fig. 1), is
not glycosylated, and may be a membrane transport
protein, although its function is not known. RBCs
lacking XK have the McLeod phenotype. Kell and XK
proteins are linked by a disulfide bond in the RBC
membrane.

Proteins
The Kell protein is a type II glycoprotein with an
approximate Mr of 93,000. It has a large 665-amino
acid extracellular domain, a single 20-amino acid transmembrane domain, and a 47-amino acid cytoplasmic
domain (Fig. 1).27 The extracellular domain has five

Genes
The KEL gene has been localized on chromosome
7q33 and consists of 19 exons spanning approximately
21.5 kb.32,33 The Kell antigens result from nucleotide
mutations that cause single amino acid substitutions in
the protein (Table 2 and Fig. 1). The lack of Kell
antigens, K0, is caused by several different gene defects,
including nucleotide deletion, defective splicing,
premature stop codons, and amino acid substitutions.9,34,35 Weak expression of Kell antigens, the Kmod
phenotype, is caused by various missense mutations.36
The XK gene is on the short arm of the X
chromosome at Xp21.37 XK has three exons and
mutations in the XK gene include major and minor
deletions, point mutations, and splice site or frameshift
mutations that result in the absence or truncation of
XK protein.31,38–46 Lack of XK protein causes the
McLeod syndrome. Because the gene is X-linked, males
are affected and carrier females, because of X
chromosome inactivation, have two populations of
RBCs, the McLeod phenotype RBCs and normal RBCs.
The proportion of each type varies from 5 percent to
85 percent.47,48

281

193

COOH

Fig. 1.
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Kell and XK proteins. Kell is a single-pass protein, while XK is
predicted to span the RBC membrane ten times. Kell and XK are
linked by a disulfide bond shown as —S—. The amino acids
responsible for the more common Kell antigens are shown. The
N-glycosylation sites are shown as Y. The hollow Y represents the
N-glycosylation site that is not present on the K (K1) protein but
is present on the k (K2) protein.

Tissue expression
Kell protein was thought to be erythroid specific.
However, mRNA is found in many tissues and high
levels are found in brain, testis, and lymphoid tissues.49
Kell protein is found in the Sertoli cells of the testis, in
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spleen and tonsil, and in skeletal muscle.50 XK mRNA
is found in muscle, heart, brain, and hematopoietic
tissue.8,31,51
Function
The Kell glycoprotein structure and enzyme
activity classify it as a member of the M13 or neprilysin
family of zinc endopeptidases that cleave a variety of
physiologically active peptides. These peptidases act
on larger inactive substrates to generate bioactive
peptides. Kell protein can proteolytically cleave
endothelins, specifically big endothelin-3 to generate
ET-3,30,52 which is a potent vasoconstrictor. ET-3 is also
involved in the development of the enteric nervous
system and in migration of neural crest-derived cells.
The biological role of the endothelins is not yet
completely elucidated, but they act on two G proteincoupled receptors, ETA and ETB, which are found on
many cells. K0 individuals, who lack Kell protein, do
not have any obvious defect, so they do not
immediately give insight into the biological function of
the Kell protein. This may be because other enzymes
probably also cleave ET-3,52 and determining if K0
individuals have abnormal levels of plasma endothelins
is an active area of investigation.
McLeod syndrome
When testing medical students in 1961, Allen et
al.53 found that one of the students, Mr. McLeod, had
RBCs with very weak expression of Kell antigens. It is
now evident that he lacked XK protein, which is
important for expression of Kell. Lack of XK is the
basis for the McLeod syndrome, which is characterized
by a marked reduction of Kell antigens, acanthocytosis,
and reduced in vivo RBC survival. Males with the
McLeod syndrome have muscular and neurologic
defects, including skeletal muscle wasting, elevated
serum creatine phosphokinase, psychopathology,
seizures with basal ganglia degeneration, and
cardiomyopathy.29,38 Most symptoms develop after the
fourth decade of life. The syndrome is rare;
approximately 60 males have been identified, and all
but two have been Caucasians, however, because of the
plethora of symptoms, the syndrome is probably
underdiagnosed. At one time, CGD was thought to be
related to the McLeod syndrome, but the gene
controlling CGD is near the XK gene on the X
chromosome, and the small minority of CGD patients
who have the McLeod phenotype have X-chromosome
deletions encompassing both genes.3,19 The muscle

myopathy and neuropathy associated with McLeod
syndrome are variable between individuals and the
defect is poorly understood. To better understand the
McLeod syndrome and neurocanthocytosis, the NIH
has a clinical research study and clinical information is
being gathered on patients with the McLeod
phenotype (danek@brain.nefo.med.unimuenchen.de).
Table 4 summarizes features of the McLeod phenotype.

Duffy (Fy) Blood Group System
History
The Duffy (Fya) blood group antigen was first
reported in 1950 by Cutbush et al,54 who described the
reactivity of an antibody found in a multitransfused,
hemophiliac male. This blood group system bears the
patient’s surname, Duffy, and the last two letters provide
the abbreviated nomenclature (Fy). Fyb was found one
year later.55 In 1975, Fy was identified as the receptor
for the malarial parasite Plasmodium vivax.56 This
discovery explained the predominance of the Fy(a–b–)
phenotype (Fynull), which confers resistance to malarial
invasion, in Blacks originating from West Africa.
Antigens
The Fya and Fyb antigens are encoded by two allelic
forms of the gene, designated FYA and FYB, and are
responsible for the Fy(a+b–), Fy(a–b+), and Fy(a+b+)
phenotypes.57,58 They differ by a single amino acid
located on the extracellular domain. (Fig. 2).
Fyx, which is not a separate antigen but is a phenotype characterized by weak expression of Fyb, is found
in Caucasians, and is due to a single mutation in the
FYB gene.59,60 The amino acid change, which is located
in the first intracellular cytoplasmic loop, is associated

Fig. 2.

I M M U N O H E M A T O L O G Y, V O L U M E 2 0 , N U M B E R 1 , 2 0 0 4

The predicted 7-transmembrane domain structure of the Duffy
protein. The amino acid change responsible for the Fya/Fyb
polymorphism, the mutation responsible for Fyx, and the regions
where Fy3 and Fy6 map are indicated. The N-glycosylation sites
are shown as Y.
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with a decrease in the amount of protein in the
membrane and results in decreased Fyb, Fy3, and Fy6
antigen expression.61–63
Fy3 is located on the third extracellular loop,64,65
while Fy6 maps to the amino-terminal loop of the
protein. The amino acid residues at positions 25 and 26
are critical for anti-Fy6 binding.66
The Fy(a–b–) phenotype found in African Americans
is caused by a mutation in the promoter region of FYB
(–33 T>C), which disrupts a binding site for the
erythroid transcription factor GATA-1 and results in the
loss of Fy expression on RBCs.67,68 Because the erythroid
promoter controls expression only in erythroid cells,
expression of Fy proteins on endothelium is normal in
people with Fy(a–b–) RBCs. To date, all Blacks with a
mutated GATA box have been shown to carry FYB,
therefore Fyb is expressed on their nonerythroid tissues.
This explains why Fy(a–b–) individuals make anti-Fya but
not anti-Fyb.69 This is relevant in the selection of antigenmatched units for Fy(a–b–) sickle cell patients, since
they would not be expected to make anti-Fyb when
transfused with Fy(b+) RBC components. Interestingly,
a FYA allele with the same mutation in the GATA box has
arisen in a P. vivax–endemic region of Papua, New
Guinea,70 associating this specific mutation with P. vivax
malaria for a second time.
The Fy(a–b–) phenotype in Caucasians is very rare
(Table 5).7 One propositus, an Australian woman (AZ),
appears to be homozygous for a 14-bp deletion in FYA,
which introduces a stop codon in the protein,71 while a
Cree Indian female (Ye), a Caucasian female (NE), and a
Lebanese Jewish male (AA), carry different Trp to stop
codon mutations.72 Because these mutations would
result in a truncated protein, these people would not be
expected to express endothelial or erythroid Fy
protein. All four people made strongly reactive anti-Fy3.
There are 13,000 to 14,000 Fy antigen sites per
RBC73 and Fya, Fyb, and Fy6 antigens are sensitive to
proteolytic enzyme treatment of antigen-positive RBCs,
while Fy3 is resistant to such treatment.
Table 5. Duffy phenotypes and incidence in different populations
Phenotype

Incidence (%)
Caucasians

Africans

Chinese

Japanese

Thai

Fy(a+b–)

17

9

90.8

81.5

69

Fy(a–b+)

34

22

0.3

0.9

3

Fy(a+b+)

49

1

8.9

17.6

28

Fy(a–b–)

Rare*

68

0

0

0

* Fy(a–b–) incidence in Israeli Arabs-25% and Israeli Jews-4%.
The Fyx phenotype has an incidence of 1.4% in Caucasians.
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Antibodies
Fy antigens are estimated to be 40 times less
immunogenic than K, and most antibodies arise from
stimulation by blood transfusion. They are mostly IgG,
subclass IgG1, and only rarely are IgM. Anti-Fyb is less
common than anti-Fya, and Fy antibodies are often
found in sera with other antibodies. Anti-Fy3 is made
by rare Caucasian Fy(a–b–) individuals.3
Sera
containing anti-Fy6 were made by immunizing mice
with human RBCs61,74 and were instrumental in the
isolation of Duffy protein for cloning of the gene.
HDN
In the fetus, Fy antigens can be detected at 6 to 7
weeks of gestation and are well developed at birth.7
HDN due to Fy antibodies does not usually cause
significant morbidity and is not common.
Proteins
The Fy protein is a transmembrane glycoprotein of
35–43 kDa consisting of a glycosylated amino-terminal
region, which protrudes from the membrane. The
protein is predicted to have seven transmembrane
spanning domains (Fig. 2).75,76 In 1993, it was realized
that Fy was the erythrocyte chemokine receptor that
could bind IL-8 and MCP-177 and the cloning of the FY
gene78 confirmed that it belongs to the family of
chemokine receptors. Because of this association, Fy
protein was named DARC for Duffy antigen receptor
for chemokines.
Gene
The FY gene is located on the long arm of
chromosome 1q22-q2379 and spans 1.5 kb. The gene
has only two exons and contains two ATG codons, but
the upstream exon contains the major start site.57,80
This same two-exon organization is also found in genes
for other chemokine receptors.61
Tissue expression
Duffy mRNA is present in kidney, spleen, heart,
lung, muscle, duodenum, pancreas, placenta, and
brain.61,78 Cells responsible for Fy expression in these
tissues are the endothelial cells lining postcapillary
venules,81–83 except in the brain, where Fy expression
was localized to the Purkinje cell neurons.84,85 The
same polypeptide is expressed in endothelial cells and
RBCs, but in brain, a larger, 8.5-kb, mRNA is present.
The larger mRNA is due to use of a brain-specific
promoter. The timing of expression of the antigens
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during erythropoiesis and RBC maturation was found
to occur late.20
Function
The importance of Fy as a receptor for the malarial
parasite P. vivax is well established, but its biological
role as a chemokine receptor on RBCs, endothelial cells,
and brain is not yet clear. The chemokine receptors are
a family of proteins that are receptors on target cells for
the binding of chemokines. Chemokines, so named
because they are cytokines which are chemotactic
(cause cell migration), and their receptors are an active
area of investigation.86 Chemokine receptors have been
principally found on lymphocytes, where they are
coupled to G-proteins and activate intracellular
signaling pathways that regulate cell migration into
tissues. Unlike other chemokine receptors, Fy does not
have a conserved DRY-motif in the second extracellular
loop, and cells transfected with Fy and stimulated with
chemokines do not mobilize free calcium.75 Also, Fy can
bind chemokines from both the CXC (IL-8, MGSA) and
the CC (RANTES, MCP-1, MIP-1) classes of chemokines
with high affinity.61
These features have led
investigators to hypothesize that Fy may act as a
scavenger or sink for excess chemokine release into the
circulation.87,88 If the function of Fy on RBCs is to
scavenge excess chemokine, this might predict that
Fy(a–b–) individuals would be more susceptible to
septic shock83 or to cardiac damage following
infarction,because they lack a mechanism to carry away
excess cytokines. Because African Americans have
higher rates of renal allograft rejection, and Fy has been
shown to be up-regulated in the kidney during renal
injury89 and graft rejection,90 several studies looked for a
correlation of Fy status with renal graft outcomes.
Delayed graft function and graft rejection were
associated with Fy(a–b–) when their frequency was
compared with that in Fy-positive African Americans.91,92
Because chemokines possess angiogenic properties, the
lack of Fy expression on erythrocytes has also been
suggested to predispose African American men to
greater incidence and mortality of prostate cancer.93
Fy is abundantly expressed on high endothelial
venules and sinusoids in the spleen,83 which is a site
central to chemokine-induced leukocyte trafficking. Fy
has a role in enhancing leukocyte recruitment and
migration into the tissues by facilitating movement of
chemokines across the endothelium.94 Fy also shares
similarity to the receptor for endothelins (ETB), which
are vaso-active proteins that strongly influence vascular
biology and may also be mitogenic.61

The Kidd Blood Group System
History
The Kidd blood group system was discovered in
1951 when a “new” antibody in the serum of Mrs. Kidd
(who also had anti-K) caused HDN in her sixth child. Jk
came from the initials of the baby as K had been used
previously for Kell.95 Anti-Jkb was found 2 years later in
the serum of a woman who had a transfusion reaction
(she also had anti-Fya).96 Kidd system antibodies are
characteristically found in sera with other blood group
antibodies, suggesting that Kidd antigens are not
particularly immunogenic. Importantly, Kidd antibodies can induce a rapid and robust anamnestic
response that is responsible for their reputation for
causing severe delayed hemolytic transfusion reactions.
Antigens
Two antigens, Jka and Jkb, are responsible for the
three common phenotypes: Jk(a+b–), Jk(a–b+), and
Jk(a+b+). Both antigens are found with similar
incidence in Caucasians, but show large differences in
other ethnic groups (Table 6).7 The Jk(a–b–) phenotype is rare, but occurs with greater incidence in Asians
and Polynesians.
Table 6. Kidd phenotypes and incidence
Phenotype

Incidence (%)
Caucasians

Africans

Asians

Jk(a+b–)

26.3

51.1

23.2

Jk(a–b+)

23.4

8.1

26.8

Jk(a+b+)

50.3

40.8

49.1

Jk(a–b–)

Rare

Rare

0.9
(Polynesian)

The Jka and Jkb polymorphism is located on the
fourth extracellular loop and is caused by a single
amino acid substitution (Fig. 3).97 The null phenotype
results from two different genetic backgrounds:
homozygous inheritance of a silent allele or
inheritance of a dominant inhibitor gene In(Jk)
unlinked to JK (HUT11).7 The unlinked dominant
inhibitor gene has not been identified as yet. The silent
alleles have acceptor or donor splice site mutations
that cause skipping of exon 6 or exon 7; genomic
deletions covering exons 4 and 5; or a nonsense
mutation in exon 7, causing a stop codon.98–101 In Finns,
a single amino acid substitution (Ser291Pro) was the
only change associated with silencing of the
expression of Jkb.99 The Jk3 antigen (“total Jk”) is found
on Jk(a+) and/or Jk(b+) RBCs but the specific amino
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acid residues responsible for Jk3 are unknown. There
are approximately 14,000 Jka antigen sites on Jk(a+b–)
RBCs.73
Antibodies
Neither anti-Jka nor anti-Jkb is common, and anti-Jkb
is found less often than anti-Jka. Once a Kidd antibody
is identified, compatible blood is not difficult to find,
since 25 percent of donors are negative for each
antigen. However, because Kidd antibodies are often
found in sera that contain other alloantibodies, the
situation is often more complicated. In addition, the
antibodies are known to cause delayed hemolytic
transfusion reactions (DHTR) and are responsible for at
least one third of all cases of DHTRs.102 The antibodies
often decrease in titer or react only with cells that are
from persons homozygous for the antigen (the dosage
phenomenon), or they may escape detection
altogether in the sensitized patient’s serum prior to
transfusion. If the patient is transfused with antigenpositive RBCs, an anamnestic response results, with an
increase in the antibody titer and hemolysis of the
transfused RBCs.102 Since Kidd antibodies are mainly
IgG, it was assumed that they must activate complement to cause such prompt RBC destruction. But Kidd
antibodies can be partially IgM, and the minor IgM
component may be responsible for the pattern of
destruction of incompatible RBCs in DHTRs. This is
based on evidence that serum fractions containing only
IgG anti-Jka do not bind complement.103 Anti-Jka has
occasionally been found as an autoantibody, and the
concurrent, temporary suppression of antigen
expression has also been reported.102 Anti-Jk3,
sometimes referred to as anti-Jkab, is produced by
Jk(a–b–) individuals and reacts with Jk(a+) and/or
Jk(b+) RBCs.104
HDN
In the fetus, Kidd antigens can be detected at 11
weeks of gestation and are well developed at birth.3
Kidd antibodies only rarely cause HDN, and if they do,
it is typically not severe.
Proteins
The Kidd glycoprotein has an approximate Mr of
46,000 to 60,000 that is predicted to span the
membrane ten times. The third extracellular loop is
large and carries an N-glycan at Asn211 (Fig. 3). The
protein has ten cysteine residues, but only one is
predicted to be extracellular, which explains why the
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antigens are not sensitive to disulfide reagents. There is
internal homology between the N-terminal and the Cterminal half of the protein, with each containing an LP
box (LPXXTXPF) characteristic of urea transporters.105
Isolation of the Kidd protein from RBCs was elusive,
and cloning of the Kidd gene was accomplished with
primers complementary to the rabbit kidney urea
transporter. A clone isolated from a human bone
marrow library with the PCR product was confirmed
by in vitro transcription/translation to encode a
protein that carried Kidd blood group antigens.106

Fig. 3.

Predicted 10-transmembrane domain structure of the Kidd/urea
transporter. The polymorphism responsible for the Kidd antigens
and the site for the N-glycan are indicated. The N-glycosylation
sites are shown as Y.

Gene
The Kidd blood group gene (HUT11 or SLC14A1)
is located at chromosome 18q11-q12.107,108 The HUT11
gene has 11 exons and spans approximately 30 kb.
Two alternative polyadenylation sites generate
transcripts of 4.4 and 2.0 kb, both of which appear to
be used equally. Exons 4 to 11 encode the mature
protein.31,98 The gene encodes the urea transporter, UTB1, which is expressed on RBCs and in the kidney inner
medulla.
Tissue expression
Kidd/HUT11/UT-B is also expressed on endothelial
cells of vasa recta in the medulla of the human kidney.31
Function
A first clue to the function of Kidd came from the
observation in 1982 that the RBCs of a male of Samoan
descent were resistant to lysis in 2M urea, which was
being used to lyse RBCs for platelet counting.109 His
RBCs were Jk(a–b–), and subsequent investigations
revealed that movement of urea into Jk(a–b–) RBCs
was equivalent to passive diffusion, in contrast to RBCs
with normal Kidd antigens, with rapid urea influx. Fast
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urea transport in human RBCs is thought to be
advantageous for RBC osmotic stability in the kidney,
especially during transit through the vasa recta from
the papilla to the iso-osmotic renal cortex.110 Urea
transport in the kidney contributes to urinary
concentration and water preservation. Two types of
urea transporters have now been characterized,
vasopressin-sensitive transporters and constitutive
transporters. The Kidd/HUT11/UT-B in RBCs and
kidney medulla is a constitutive transporter. A
vasopressin-sensitive transporter, HUT2/UT-A, which is
expressed in the collecting ducts of the kidney, has 62
percent sequence identity with Kidd/HUT11/UT-B.
HUT2 is also located on chromosome 18q12,
suggesting that both transporters evolved from an
ancestral gene duplication.111 Jknull individuals do not
suffer a clinical syndrome but are unable to
concentrate their urine above 800 mOsm/kg H2O.112
This suggests that other mechanisms or other gene
family members like HUT2 can compensate for the
missing Kidd/UT-B protein.
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Summary
The last decade has witnessed the rapid elucidation
of the molecular bases for the various blood group
antigens and phenotypes. In the next decade, research
focus turns to determination of the structure and
function of the proteins carrying these blood group
antigens. Null individuals (“natural-knockouts”),
persons who lack the antigens and the proteins that
carry them, exist for these blood group systems.
Reminiscent of what is being found in many genetically
engineered “knockout” mice, most of the individuals
with null phenotypes do not have serious or obvious
defects. This is consistent with growing evidence that
many genes have evolved as members of larger gene
families, which may have overlapping abilities to
substitute for the disrupted gene family member. Genes
encoding blood group proteins are also members of
larger gene families. The mouse homologues of these
blood group genes have been cloned and knockout
mice have been generated. This may aid in the further
elucidation of the structure and function of the
molecules carrying blood group antigens.
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Review: other blood group
systems—Diego,Yt, Xg, Scianna,
Dombrock, Colton, LandsteinerWiener, and Indian
K.M. BYRNE AND P.C. BYRNE

Introduction

Diego Blood Group System

This review was prepared to provide a basic
overview of “Other Blood Groups.” Some of the more
major blood group systems, i.e., ABO, Rh, Kell, Duffy,
and Kidd, are also reviewed in this issue and are not
covered here. The sheer mass of data on the MNS
blood group system is so extensive and complicated
that it justifies a review all of its own, and it is therefore
not discussed in this article. However, various aspects
of MNS were described in recent papers in
Immunohematology.1,2
The blood group systems that are covered are those
that most workers believe to have some degree of
clinical importance or interesting features: Diego (DI),
Yt (YT), Xg (XG), Scianna (SC), Dombrock (DO), Colton
(CO), Landsteiner-Wiener (LW), and Indian (IN).
Readers will find a brief digest of each blood group
system, which includes some historical, statistical,
genetic, biochemical, and serologic data. It was the
authors’ intention to compile data that could be
entitled:“Other Blood Groups:What you need to know
for the SBB exam.”1
Readers will note that there are only a few
references used in this review. Most of the information
given here has been dissected from the books listed in
the fourth and fifth references. Between them, they
contain a much more detailed, extensive, and
comprehensive review of the vast volume of material
available on these blood group systems. For additional
information or clarification, readers are strongly
encouraged to consult the aforementioned
publications. The additional references contain
pertinent newer information that has been reported
since the publication of the main sources of data.

The Diego blood group system (ISBT: DI/010) has
expanded from its humble beginnings to now include
up to 21 discrete antigens (Table 1).3 Band 3, an anion
exchange, multi-pass membrane glycoprotein, is the
basic structure that carries the Diego system antigenic
determinants.4 The gene that encodes the Band 3
protein is named SLC4A1 and its chromosomal location
is 17q12–q21.4
Dia and Dib are antithetical, resulting from a single
nucleotide substitution (2561T>C) that gives rise to
amino acid changes in the Band 3 protein (Leu854Pro).
To date, the Di(a–b–) phenotype has not been
described. The Dia and Dib antigens are resistant to
treatment with the following enzymes/chemicals:
ficin/papain, trypsin, α-chymotrypsin, DTT (0.2 M), and
chloroquine.4 The only other pair of antithetical
antigens in the system are Wra and Wrb, the result of
another nucleotide substitution (1972A>G) that
produces another change in Band 3 (Lys658Glu).4 The
extremely rare Wr(a–b–) phenotype has been found in
persons with rare glycophorin variants, where
expression of the Wrb antigen is dependent upon the
presence of functional glycophorin A.5 The Wra and
Wrb antigens are resistant to treatment with the
following enzymes/chemicals: ficin/papain, trypsin, αchymotrypsin, DTT (0.2 M), and chloroquine.4
The other antigens in this system are of extremely
low frequency and are usually the result of single
nucleotide substitutions. Interestingly, many of the
antibodies directed against these low-frequency
antigens show some degree of crossreactivity or other
serologic associations with each other, and this is often
the reason why their inclusion in this blood group
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Table 1. Diego blood group antigens
Incidence (%)5
(Caucasians)

ISBT

Conventional

Historical

First
reported5

DI1

Dia

Diego

1955

<0.1

DI2

Dib

Luebano

1967

>99.9

DI3

Wr

a

Wright

1953

<0.1

DI4

Wrb

Fritz

1971

>99.9

DI5

Wda

Waldner

1981

<0.1

DI6

Rba

Redelberger

1978

<0.1

DI7

WARR

Warrior

1991

<0.1

DI8

ELO

1993

<0.1

DI9

Wu

Wulfsberg

1976

<0.1

DI10

Bpa

Bishop

1966

<0.1

DI11

Moa

Moen

1972

<0.1

a

<0.1

DI12

Hg

Hughes

1983

DI13

Vga

Van Vugt

1981

<0.1

DI14

Swa

Swann

1959

<0.1

1988

<0.1

Newfoundland

1984

<0.1

1967

<0.1

DI15

BOW

DI16

NFLD

DI17

Jna

DI18

KREP

DI19

Tra

DI20

Fr

a

DI21

SW1

1997

<0.1

Traversu

1975

<0.1

Froese

1978

<0.1

1987

<0.1

* ISBT assignment to DI

system was initially postulated. Most of these lowfrequency Diego system antigens have only been found
in small kindreds or isolated ethnic groups. While
these antigens and their corresponding antibodies may
have clinical significance, they have little or no impact
upon everyday transfusion medicine.4
An altered form of Band 3 protein has been
associated with a hereditary form of red cell
ovalocytosis known as South East Asian ovalocytosis,
and may confer a degree of resistance to invasion by
the malarial parasite Plasmodium falciparum. A
complete absence of Band 3, and, therefore, the
Di(a–b–) phenotype, was thought to be incompatible
with life. However, a severely hydropic, anemic baby
who lacked Band 3 and protein 4.2 was resuscitated
after birth and kept alive by blood transfusions.4
Antibodies to Dia and Dib are generally IgG1 and
IgG3, although some IgM examples have been
reported.5 They are usually produced in response to
RBC exposure and are reactive by antiglobulin
techniques. Rare examples may bind complement

and/or cause in vitro hemolysis. AntiDia has often been implicated in
Notes4,5
HDN, but reports of immediate
S. Amer. Ind.: 36%
hemolytic transfusion reactions are
Chinese: 5%
confused by other issues.5 Anti-Dib
Japanese: 12%
Chippewa: 11%
usually only cause mild HDN but
there have been a few reports of
delayed transfusion reactions.4,5
Anti-Wra is probably one of the
Found in two
most commonly seen antibodies to a
Hutterite families
low-frequency antigen (and is a
particular bane to one of the authors
May be unique
during the manufacture of blood
to Native Americans
grouping reagents). It is often found
in the sera of individuals who have
produced antibodies to other RBC
antigens. Given the extremely low
frequency of the Wra antigen it seems
unlikely that those individuals have
been actually exposed to Wr(a+)
RBCs. Thus, many examples of antiWra appear to be “naturally
occurring” or stimulated by something other than RBCs and, in
particular, in sera from individuals
(Provisional)*
who have made multiple antibodies
to low-frequency antigens. Behavior
of the antibodies varies greatly,
perhaps dependent upon the
method of immunization. Many
examples of anti-Wra are IgM, saline-reactive; others are
IgG, reactive by antiglobulin techniques. Still other
examples contain both IgG and IgM components. Most
do not bind complement or cause in vitro hemolysis.
Anti-Wra has often been implicated in HDN and
transfusion reactions.5

Yt Blood Group System
The Yt blood group system (ISBT: YT/011), often
incorrectly referred to as the Cartwright system,
consists of two antigens:Yta and Ytb.6 The antigens are
carried by a GPI-linked glycoprotein named acetylcholinesterase (AChE), which is the product of the
ACHE gene located on chromosome 7 at position q22.
The function of this enzyme in RBCs is not known,
however AChE is a major component of nerve impulse
transmission.4
The genetic polymorphisms that give rise to the
antithetical Yta and Ytb antigens are the result of a
nucleotide substitution in ACHE (1057C>A), which
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produces an amino acid change in the AChE
glycoprotein (His353Asn).4 As seen in Table 2,Yta is of
high frequency in Caucasians and Ytb is of moderately
low frequency. This pattern has been seen in most
populations studied, although the rarity of anti-Ytb has
limited the volume of screening possible.4,5 Studies in
Japan indicate that Yta may be of higher frequency, since
no Yt(a–) individuals were detected in tests on 5000
donors, and no Yt(b+) samples were found among the
70 tested with anti-Ytb.5 On the other hand,Ytb appears
to be more prevalent in Israel, where it was found in 24
to 26 percent of individuals tested. This finding was
accompanied by a relative lowering of the incidence of
Yta. The incidence of the rare Yt(a–b+) phenotype in
Israel was estimated to be 1 in 65, compared to an
estimated 1 in 500 in the United States.5
Table 2. Yt blood group antigens
ISBT

Conventional

Historical

First
reported4

Incidence (%)5
(Caucasians)

YT1

Yta

Cartwright

1956

99.6

YT2

b

1964

8

Yt

24–26% in Israelis

The Yt(a–b–) phenotype has only been reported
once and was determined to be the result of transient
suppression of Yta in a person who was believed to be
Yt(a+b–). The patient produced an antibody that
reacted with both Yt(a+b–) and Yt(a–b+) cells, and
thus appeared to be anti-Ytab.5
Yt antigens may be absent or have radically
reduced expression on the RBCs of persons with
paroxysmal nocturnal hemoglobinuria (PNH). In
particular, PNH type III RBCs lack most GPI-linked
proteins and therefore may lack Yt antigens along with
any other antigens carried by GPI-linked proteins, e.g.,
Dombrock system antigens.4,5
The Yt antigens are variably sensitive to ficin/
papain treatment, i.e., denaturation of antigen has been
reported by some workers while others find them
resistant or even enhanced. The antigens are resistant
to trypsin and chloroquine but can be inactivated by αchymotrypsin and DTT (0.2 M).4
The Yta antigen appears to be moderately immunogenic and anti-Yta is not an uncommon occurrence in
Yt(a–) persons transfused with Yt(a+) RBCs. Examples
of anti-Ytb, on the other hand, are very rare. Anti-Yta is
often found as a single specificity, while anti-Ytb is more
often found in multitransfused patients who have made
other RBC antibodies. Yt antibodies are IgG and react
preferentially by antiglobulin techniques. At least one
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example of anti-Yta was reported to bind complement,
but neither in vitro hemolysis nor HDN has been
attributed to Yt antibodies.4,5
The clinical significance of Yt antibodies in the
transfusion arena has attracted a great deal of attention
and has caused an even greater amount of consternation. Most work has been done on examples of
anti-Yta, since examples of anti-Ytb are so rare. Over a
dozen studies have been performed on a varying
number of examples of antibody, using a variety of
clinical significance indicators: 51Cr survival studies,
monocyte-monolayer assay (MMA), transfusion of
antigen-positive cells, and/or combinations of the
above. The conclusion: Many examples are benign, i.e.,
not clinically significant. However, other examples
have caused shortened RBC survival of
transfused antigen-positive cells and
at least one has caused a delayed
hemolytic transfusion reaction. In
5
Notes
others, the data are inconclusive.5

Xg Blood Group System
The Xg blood group system (ISBT: XG/012)3,6 is so
named because the gene that encodes the originally
described antigen is carried on the X chromosome.
Until recently, when the CD99 antigen joined the
system, Xga was the sole antigen in this system, a
polymorphism expressed on the Xg glycoprotein,
which is encoded by the XG (PBDX) gene (located on
the X chromosome at position p22.32). The gene
product is a single-pass glycoprotein that may have
biological function as an adhesion molecule, since it
shows a large degree of homology with CD99, a known
adhesion molecule found on a wide variety of tissues.4,5
Since the first report describing CD99 on RBCs and
its variable expression, other phenotypic relationships
were noted: Xg(a+) individuals (male or female) have
high expression of CD99 as do some Xg(a–) males,
while Xg(a–) females and some Xg(a–) males have low
expression of the antigen. This observation, and the
more recent discovery that the structural gene that
encodes CD99 (MIC2) is closely linked to XG, has
resulted in CD99’s being added to the Xg blood group
system.3,5
The most interesting aspect of this system arises
from its direct relationship to the X chromosome.
Because females carry two X chromosomes (XX) and
males only one (XY), the incidence of the Xga antigen
varies radically between the sexes. That the Xg(a–)
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Table 3. Xg blood group antigens
Historical

First
reported4

Incidence (%)5
(Caucasians)
Females: 89
Males: 66

ISBT

Conventional

XG1

Xga

1962

XG2

CD99

1981

> 99%*
a

* Strength of expression varies according to presence or absence of Xg

some other stimulatory mechanism.
Some examples have been reported
Notes5
to bind complement, but in general
Similar pattern seen
anti-Xga is not clinically important.
in other populations;
Neither transfusion reactions nor
slightly lower in
Orientals.
HDN have been attributed to antiXga.4,5
The single reported example of
autoanti-Xga did cause clinical
problems in the form of severe hemolytic anemia. The
IgG, complement-binding autoantibody was seen in a
pregnant woman, who delivered an Xg(a+) infant with
a positive DAT. While the pregnancy may have
exacerbated the severity of the anemia in the mother,
the infant was not anemic and exhibited only mild
bilirubinemia following birth.5

phenotype is fairly common in males and females
indicates that a gene that does not encode the Xga
antigen is also common (where Xg is the gene that
does not express antigen and Xga is the gene that
does). Thus the exhibited phenotypes may be the
result of a variety of genotypes: Xg(a+) women may
have one or two genes expressing Xga, i.e., be Xga/Xga
or Xga/Xg, whereas men only have one X
chromosome, on which the Xga-expressing gene may or
Scianna Blood Group System
may not be present (Xga/Y or Xg/Y). Since women are
The Scianna blood group system (ISBT: SC/013)
more likely to carry the appropriate gene, the antigen
currently consists of four defined antigens: Sc1, Sc2,
is found in 89 percent of European women, compared
Sc3, and Rd (Table 4).7 The antigens are carried on a
with 66 percent of men in the same geographic area
recently identified RBC adhesion protein called human
(Table 3). Studies on other populations (including
erythroid membrane-associated protein (ERMAP).
some U.S. studies), indicate that the prevalence of the
a
Earlier workers had identified the antigen-carrying
Xg antigen is fairly uniform, although a slightly lower
structure as “Scianna glycoprotein,” which was
incidence is seen in Chinese and Japanese.4,5
a
encoded by the gene SC. The gene is now called
Expression of Xg antigen varies between individERMAP and is located on chromosome 1 at position
uals. However, strength (dose) of antigen is not always
a
a
p34.1.4,7,8
related to phenotype, i.e., Xg /Xg women do not
The Sc1 antigen has a very high frequency in all
necessarily exhibit a “double dose” of antigen
a
populations
studied. The overall frequency of its
compared with Xg /Xg women. Further, while some Xantithetical
antigen,
Sc2, is less than 1 percent, but may
linked genes are affected by “Lyonization” or “Xa
be higher in some Mennonite kindreds.4,5 The alleles
chromosome inactivation,” the gene encoding Xg is
a
are the result of amino acid changes in ERMAP
not affected, therefore any individual carrying an Xg
(Gly57Arg).7
gene should express the antigen on their RBCs.
The Sc:–3 phenotype is extremely rare and has only
Exceptions to the normal pattern of inheritance have
5
been described in a handful of individuals, mainly
been described but are extremely uncommon.
members of fairly isolated and potentially inbred South
The Xga antigen is denatured by treatment with
Pacific communities. There are three reports of Sc:–3
ficin/papain, trypsin, and α-chymotrypsin, but is not
persons who produced an antibody that was classified
affected by DTT (0.2 M). Effects of chloroquine
4,5
treatment have not been reported.
Antibodies to Xga have varied Table 4. Scianna blood group antigens
First
Incidence (%)4
characteristics. Most are IgG, reactive
ISBT Conventional
Historical
reported4
(Caucasians)
Notes4
preferentially by antiglobulin techSC1
Sc1
Sm, Scianna
1962
> 99
niques, but others have been
SC2
Sc2
Bua, Bullee
1963
0.3
1% in Northern
reported that were IgM and were
Europeans (incidence
may be higher in
best detected in room temperature
Mennonites)
saline tests. Examples of alloantibody
SC3
Sc3
1980
> 99.9
have been found in persons with a
SC4
Rd
Rda, Radin
1967
< 0.01
0.5% in Danes; 0.1% in
history of RBC stimulation, while
Jews, Candians, and
African Blacks
others appear to be the result of
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with a variety of disease states. Interestingly, one wellas anti-Sc3. Two were from a South Pacific community,
investigated example of autoanti-Sc1 was reactive only
but the third was in a transfused Caucasian male.4,5 The
in serum and not in plasma.4,5
DNA of only one person with the Scnull phenotype has
been tested and the null phenotype was found to be
the result of a 2-bp deletion in the ERMAP gene, which
Dombrock Blood Group System
causes a frameshift and produces a version of ERMAP
The five antigens of the Dombrock blood group
that does not carry the normal Scianna blood group
system
(ISBT: DO/014)5 were described long before
antigens.8
they came together as a group (Table 5). While it had
The low-frequency antigen Rd (Radin) was recently
been noted that there were serologic and phenotypic
added to the Scianna system since the workers who
relationships between three of the antigens prior to
described the expression of Scianna system antigens
forming the Dombrock system,5 it was the exciting
on ERMAP found that Rd was also expressed on the
finding that Gy(a–) RBCs are Do(a–b–) that linked the
same protein.7 The antigen is the result of a mutation
five antigens together as members of the Dombrock
in ERMAP that produces a change in the expressed
blood group system.
protein (Pro60Ala). This confirmed earlier data that
indicated that production of Rd was Table 5. Dombrock blood group antigens
controlled by a gene on chromoFirst
Incidence (%)5
some 1, in the same region as SC.
ISBT Conventional
Historical
reported4
(Caucasians)
Notes4,5
a
Immunoblotting with anti-Rd had
DO1
Do
Dombrock
1965
67
55% in Blacks;
24% in Japanese;
shown that Rd was carried on a
14% in Thais
protein approximately the same
b
DO2
Do
1973
83
89%
in Blacks
size as the Scianna glycoprotein.5
a
DO3
Gy
Gregory
1967
> 99.9
However, the earlier finding of a
DO4
Hy
Holley
1970
> 99.9
person with Sc:1,2, Rd+ RBCs had
DO5
Joa
Joseph
1972
> 99.9
suggested that Rd was not an allele of
4,5
Sc1 and Sc2.
The Sc1 and Sc2 antigens are resistant to treatment
The antigens of the Dombrock system are carried
with ficin/papain, trypsin, and α-chymotrypsin,
on the Dombrock glycoprotein, a GPI-linked
whereas treatment with DTT (0.2 M) renders the
glycoprotein. The gene itself, DO, has been reported to
antigens undetectable in serologic tests. Chloroquine
be located at 12p13.2–p12.1 and was recently cloned.4
treatment has no effect upon Sc2 or Sc3 and it is
Doa and Dob are the only antithetical, polymorphic
presumed that Sc1 behaves in a similar fashion.4,5 The
antigens in the Dombrock system. The Doa antigen, in
Rd antigen differs in that the effect of trypsin and αparticular, demonstrates a wide variation in incidence
chymotrypsin treatment is variable.
between ethnic groups, while Dob is more consistently
Antibodies to Scianna system antigens are usually
of higher frequency. The other three antigens of the
IgG, and are reactive preferentially with antiglobulin
Dombrock system, Gya, Hy, and Joa, are of extremely
techniques, although a few examples of saline-reactive
high frequency in all populations.4,7 The rare Gy(a–)
anti-Sc2 have been reported. The antibodies may or
phenotype is considered the null phenotype within the
may not bind complement, but they do not cause in
Dombrock system. Until recently, when a Black
vitro hemolysis. Typically, these antibodies are
proband was found, it had only been found in
produced in response to RBC stimulation (transfusion
Caucasians and Japanese. Such individuals lack all
or pregnancy), although some examples of anti-Sc2
other Dombrock system antigens, i.e., their red cell
appear to be “naturally occurring.” Although data are
phenotype is Do(a–b–), Gy(a–), Hy–, and Jo(a–). The
limited, Scianna system antibodies have not been
absence of the DO glycoprotein is apparent in persons
reported to cause severe transfusion reactions; in
with type III PNH, whose RBCs either lack or have
general, they cause mild, if any, HDN; but they may
markedly reduced levels of all GPI-linked proteins.4,5
cause a positive DAT.4,5 However, anti-Rd has caused
The Hy– and Jo(a–) phenotypes are found
severe HDN. Autoantibodies with Sc1 and Sc3
exclusively in Blacks. Hy– individuals phenotype as
specificity have also been described and may be a
Do(a–b+w),they are Jo(a–),and they have a significantly
consequence of antigen suppression in association
weakened expression of Gya. Persons who are Jo(a–)
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exhibit normal Gya antigen expression but have
weakened expression of Hy and the other Dombrock
antigens (if the genes for Doa/Dob are present).4,5 When
these phenotypic observations (Table 6) and the newer
biochemical information were analyzed, it was possible
to finally rationalize the five antigens into the formal
blood group system known today.4
Table 6. Dombrock system phenotypes
Phenotype

Doa

Dob

Antigen
Gya

Hy

Joa

Do(a+b–)

+

0

+

+

+

Do(a+b+)

+

+

+

+

+

Do(a–b+)

0

+

+

+

+

Gy(a–)

0

0

0

0

0

Hy–

0

+w

+w

0

0

Jo(a–)

+w

0/+w

+

+w

0

All Dombrock system antigens are resistant to
treatment with ficin/papain, they are sensitive to and
weakened by trypsin and α-chymotrypsin, respectively,
and they are sensitive to DTT (0.2 M) and resistant to
chloroquine.4
Doa and Dob appear to be poor immunogens.
Antibodies are rarely found and are even more rarely
found as a single specificity, i.e., they are generally only
found in multitransfused individuals with a number of
antibodies to common antigens.4,5 The antibodies are
invariably the consequence of RBC stimulation, are
predominantly IgG, and are reactive almost exclusively
by antiglobulin techniques. The antibodies do not bind
complement and do not cause in vitro hemolysis.
Antibodies to Doa and Dob have been implicated in
transfusion reactions but have not been shown to
cause clinical HDN.4 Anti-Doa has a reputation as an
antibody that may disappear in vivo, becoming
undetectable by conventional serologic tests—a
particularly nasty characteristic more often seen with
Kidd system antibodies.
The Gya antigen is highly immunogenic and usually
results in production of an IgG antibody, which reacts
preferentially by antiglobulin techniques. Anti-Gya does
not bind complement and does not cause in vitro
hemolysis. Moderate transfusion reactions due to antiGya have been reported, but no clinically significant
HDN has yet been documented.4,5

Colton Blood Group System
The Colton blood group system (ISBT: CO/015)
consists of just three antigens: Coa, Cob, and Co3.5 The

Coa and Cob antigens are carried on a multi-pass
membrane glycoprotein called Aquaporin-1 (AQP1) or
Channel Forming Integral Protein (CHIP-1). The gene
that encodes this water transport protein is located on
chromosome 7 at position p14 and is formally called
AQP1 (Aquaporin-1). The Co3 antigen is always
present when Coa and/or Cob are expressed, i.e., the
genes that encode Coa and Cob also encode for the
production of Co3. The location of the Co3 antigen on
CHIP-1 is yet to be defined. Studies on AQP1 have
revealed at least six different molecular bases for the
Co(a–b–) or Co:–3 phenotype.4 See Table 7 for
antigens and frequencies.
Table 7. Colton blood group antigens
ISBT

Conventional

Historical

First
reported5

Incidence (%)5
(Caucasians)

CO1

Coa

Colton

1967

99.7

CO2

b

Co

CO3

Co3

Coab

1970

9.7

1974

> 99.9

Coa and Cob are antithetical, the result of a
nucleotide substitution in AQP1 (134C>T) that leads to
an amino acid change in CHIP-1 (Ala45Val). Coa is of
high frequency in all populations. The Cob antigen
shows a little more variation between ethnic groups,
but is generally found in 8 to10 percent of individuals.
The Co3 antigen is of extremely high frequency.
Absence of Co3 results in the null phenotype
[Co(a–b–)], which has only been described in a handful
of people.4,7 Interestingly, even though such persons
appear to lack an apparently critical water transport
protein, i.e., CHIP-1, they have no significant medical
conditions under normal circumstances.5
Antigens in the Colton system are resistant to
treatment with ficin/papain, trypsin, α-chymotrypsin,
chloroquine, and DTT (0.2 M).4
Antibodies to Colton antigens are usually the result
of exposure to RBCs, from either transfusion or
pregnancy. The antibodies produced usually are IgG in
nature and react preferentially by antiglobulin
techniques. Some examples may bind complement,
but in vitro hemolysis is rarely encountered.4,5
Anti-Coa is most often seen as a single specificity
and has been reported to cause transfusion reactions
and HDN. On the other hand, anti-Cob is more often
seen in persons with other RBC antibodies and has also
been documented as causing transfusion reactions, but
has only been reported to cause mild HDN.5
Anti-Co3 is only seen in persons with the Co(a–b–)
phenotype. The antibody reacts as if it were anti-Coab,
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an apparently inseparable specificity. It has been
shown to be clinically significant in transfusion and it
can cause HDN.5

LW Blood Group System
The LW (Landsteiner-Wiener) blood group system
(ISBT: LW/016)6 is probably most notable for its history.
In some early experiments, Landsteiner and Wiener
produced an antibody in rabbits and guinea pigs that
appeared to have the same specificity as human anti-D.
Experiments by later workers proved that the original
antibody was not anti-D but that it did have the same
specificity as that seen in two D+ people. These
antibodies could be adsorbed to exhaustion using D–
cells and were therefore not anti-D. For a time, this
specificity was known as anti-D-like, but was later
changed to anti-LW to reduce confusion.5
Over the intervening decades, the terminology for
this series of antigens has evolved through several
formats in an attempt to rationalize the observed
serologic reactions and postulated phenotypes: the
original terminology attempted to convey the
phenotypic relationships that were noted with the D
antigen. Thus the current ISBT terminology starts with
LW5, since the now obsolete early ISBT numbers had
been assigned to what are more properly called LW
phenotypes.5,6
There are three antigens currently assigned to the
LW system: LWa, LWab, and LWb (Table 8).6 They are
carried on a single-pass glycoprotein called LW
glycoprotein (ICAM-4), the biological function of
which is as an intracellular adhesion molecule. The
glycoprotein is encoded by the LW gene, which is
located on chromosome 19 at position 13.3.4
LWa and LWb are antithetical, the result of a single
nucleotide substitution on the LW gene (308A>G) that
produces an amino acid change on the LW
glycoprotein (Gln70Arg). The molecular basis for LWab
antigen expression has not yet been determined. The
molecular basis of the only known genetic
LW(a–b–ab–) phenotype, found in one antenatal
patient and her brother, is a 10-bp deletion in exon 1 of
Table 8. LW (Landsteiner-Wiener) blood group antigens
ISBT

Conventional

Historical

First
reported4

Incidence (%)5
(Caucasians)

LW5

LWa

LW, Rh25

1961

> 99

LW6

ab

LW

LW1, LW2, LW3

1982

> 99

LW7

LWb

Nea

1981

<1

LW. This results in a truncated glycoprotein without
transmembrane and cytoplasmic domains.4
LWa and LWab have very high frequency in all
populations tested (albeit, mostly Europeans). The LWb
antigen is found in less than 1 percent of most
Europeans, but is present in 8 percent of Estonians, 6
percent of Finns, and 4 percent of Poles. As noted
above, only two individuals with a persistent LW(a–b–)
phenotype have been described. Persons with the
Rhnull phenotype are also negative for all LW system
antigens, a phenomenon that reiterates the relationship
between Rh antigen expression and LW antigen
expression on RBCs (more details follow).4,5
The LW system antigens are resistant to treatment
with ficin/papain, trypsin, and chloroquine. They may
be weakened by α-chymotrypsin and are denatured by
DTT (0.2 M).4,5
LW antigen expression may be transiently
depressed during pregnancy and in a variety of disease
states, including Hodgkins disease, lymphoma, leukemia, and sarcoma. The development of autoantibodies
following antigen suppression is not uncommon.
Examples of autoanti-LWa and autoanti-LWab have been
documented, a scenario which has been known to
confound serologists. In these situations, it may be
difficult to serologically differentiate between alloantibodies and autoantibodies in this system without a
series of chronologically distinct specimens, i.e.,
predisease, during disease, and postdisease. Antigen
suppression may be so drastic that the antigens are
serologically undetectable.4,5
As alluded to earlier, expression of LW antigens is
greatly influenced by the presence or absence of Rh
protein. In particular, the strength of expression of LW
antigens is directly related to the presence or absence
of D antigen. Adults with D+ RBCs have a stronger
expression of LW antigens than those with D– RBCs.
Expression is also influenced by the relative strength of
D antigen present, i.e., persons with Rh haplotypes that
have the highest expression of D antigen, e.g., R2R2,
have the strongest expression of LW antigens. This
phenomenon can lead to misidentification of anti-D,
anti-LWa, and LWab. When an antibody
identification panel is tested and all D+
samples are moderately or weakly
reactive, the conclusion that anti-D is
Notes4,5
present is perfectly logical, until the
worker notes that the patient is D+.
This may be the correct inter8% in Estonians;
6% in Finns;
pretation, if the patient has a D–
4% in Poles
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phenotype, or if the patient can be shown to have a
partial D phenotype. However, it is also possible that
the reactivity pattern seen is due to a relatively weak
anti-LW that is reactive with those cells with stronger
expression of LW, i.e., those that are D+.5 Anti-LW can
be distinguished from anti-D by testing with DTTtreated RBCs. Testing with RBCs from a cord sample
can also aid in identification because on cord RBCs LW
is strongly expressed on both D– and D+ phenotypes.
Antibodies to LW system antigens are usually IgG
and reactive preferentially by antiglobulin techniques.
The antibodies are usually produced in response to
exposure to RBCs, but have been found in persons with
no apparent exposure. They do not bind complement
and do not cause in vitro hemolysis. LW system
antibodies appear to have little or no clinical significance, although data are scarce. While these antibodies have been reported to cause a positive DAT in
newborns, clinical HDN has not been reported.
Clinicians who must “transfuse against” examples of LW
system antibodies will often select Rh negative (D–)
units for transfusion, since these RBCs have the weakest
expression of LW antigens. To date, this practice has
always resulted in a satisfactory transfusion outcome.4,5

Indian Blood Group System
The Indian blood group system (ISBT: IN/023)
consists of two antithetical antigens: Ina and Inb.6 The
antigens are carried by CD44, a single-pass membrane
glycoprotein that is encoded by the CD44 gene on
chromosome 11 at position p13. The biological
function of CD44 is as a leukocyte homing receptor
and cellular adhesion molecule. The protein is
widespread and found in a large variety of tissues.4
The Ina and Inb polymorphisms arise from a
nucleotide substitution in the CD44 gene (252C>G)
that results in an amino acid change on the CD44
glycoprotein (Pro46Arg).4,5 As seen in Table 9, the lowfrequency Ina antigen is extremely rare in Europeans,
but it has a low prevalence in Indians and is found most
commonly in Iranians and Arabs.5 Persons with the
In(a+b–) phenotype have only been found in these
ethnic groups. The extremely rare In(a–b–) phenotype
Table 9. Indian blood group antigens
ISBT

Conventional

IN1

Ina

IN2

Inb

Historical

Salis

First
reported5

Incidence (%)5
(Caucasians)

1973

< 0.1

1975

> 99.9

has only been described in one individual, who had an
unusual presentation of congenital dyserythropoietic
anemia (CDA) that produced RBCs that were deficient
in CD44. Interestingly, the patient also typed Co(a–b–)
and had a weak expression of LW antigens.5
The Indian system antigens are sensitive to
treatment with ficin/papain, trypsin, α-chymotrypsin,
and DTT (0.2 M), but are resistant to chloroquine.4,5
The susceptibility of the antigens to ficin/papain is
perhaps one of the most useful tools in differentiating
anti-Inb from many of the other antibodies to highfrequency antigens.
This apparently simple blood group system is
complicated by its relationships to the high-frequency
antigen AnWj and the In(Lu) gene. There is convincing
evidence to indicate that the AnWj antigen is carried
on CD44 and it may eventually be added to the Indian
blood group system. Expression of AnWj can vary in
strength between individuals. Unlike Ina and Inb, AnWj
is not affected by treatment with ficin/papain, trypsin,
or α-chymotrypsin, and is therefore presumably on an
area of CD44 that is not cleaved by those enzymes.
Antibodies to AnWj are usually IgG, and are reactive by
antiglobulin techniques. Only two examples of
alloanti-AnWj have been reported. Others appear to be
autoantibodies, with concurrent weakening of RBC
antigens as a consequence of reduced expression of
CD44 in a variety of disease states. Examples of antiAnWj have been shown to cause transfusion reactions.
Anti-AnWj has not been implicated in HDN.4,5 This is
not surprising because the RBCs of newborns do not
express AnWj. The switch from AnWj– to AnWj+
occurs early in life, between days 3 and 46 after birth.
Persons who inherit the In(Lu) gene (the
dominant inhibitor of Lutheran system antigens)
exhibit a broad weakening or suppression of Lutheran
and related RBC antigens. CD44 on RBCs is suppressed
in the presence of In(Lu), although expression in other
tissues is normal. These RBCs express very little Inb or
AnWj antigen (or Ina, if present). Sometimes the
antigens are only detectable in adsorption/elution
studies.4,5
The Indian system antigens are good immunogens
and many examples of the antibodies
have been reported. Most are IgG,
reacting preferentially by antiglobulin
techniques, although some salineNotes5
reactive examples have also been
4% in Indians;
11% in Iranians;
reported (possibly indicating the
12% in Arabs
presence of IgM antibodies). The
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antibodies do not bind complement and do not cause
in vitro hemolysis. Anti-Ina has not been reported to
cause transfusion reactions, although data are scarce,
probably because In(a+) donors are scarce in most
populations. However, in vivo survival experiments
indicate that two examples of the antibody rapidly
cleared In(a+) RBCs. Anti-Inb may cause anything from
no reaction to rapid or delayed hemolytic reactions.
Neither specificity has been reported to cause clinical
HDN, although the RBCs of a number of infants born to
mothers with anti-Inb had a positive DAT. On the other
hand, the RBCs of some infants were DAT negative and
maternal anti-Inb was not detectable in the infants’ sera.
The lack of significant HDN as a result of these
antibodies may be related to the presence of CD44 on
many other tissues, particularly the placenta, which
may have a preemptive absorption effect, thereby
protecting the fetus.5
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A bicarbonate anion-dependent
anti-‘N’ MoAb
Y.S. IYER, K.VASANTHA, S.R. JOSHI, M. PATWARDHAN,V. PUJARI, S. JADHAV, AND D. MOHANTY

While studying the serologic characteristics of certain monoclonal
blood group antibodies, we observed a hybridoma clone (5A11E10) with anti-N–like serologic specificity that was dependent
on the presence of the bicarbonate anion. The diluted cell culture
supernatant preferentially agglutinated M–N+ RBCs by immediate
spin. This supernatant also agglutinated M–N+ RBCs that had been
treated with trypsin or sialidase (to remove N-reactivity), suggesting
anti-‘N’ activity. Anti-‘N’ specificity was confirmed by the
supernatant’s non-reactivity with N+ RBCs treated with papain (to
remove ‘N’ reactivity) or with (‘N’-negative) M+N–U– RBCs. The
requirement for bicarbonate in the MoAb’s formulation was not a
function of pH. Both sodium and ammonium bicarbonate
supported agglutination, but neither sulfate nor carbonate was
effective. Immunohematology 2004;20:59–62.

Key Words: anti-N, anti-‘N’, monoclonoal antibody,
bicarbonate-dependent antibody
Human anti-M and -N are usually naturally occurring,
low-titer, cold agglutinins; some react preferentially in an
acidic medium.1 Murine MoAbs, produced by hybridoma technology, are an alternative source for anti-M and
-N typing reagents. Many of the MoAbs show reactivity
and specificity under controlled conditions, such as
appropriate dilution and pH.2,3 During our fusion
experiments to produce MoAbs, we observed a hybridoma clone that secreted anti-N with the unusual
serologic property of reacting preferentially in the
presence of sodium bicarbonate. This report describes
the serologic characteristics of the MoAb.

Materials and Methods
Spleen cells from BALB/c mice immunized with
human group B RBCs were fused with a Sp2./O.Ag14
mouse myeloma cell line in the presence of PEG1500
in RPMI-HAT as per hybridoma techniques cited in the
literature.4,5 A hybridoma clone, designated 5A-11E10,
which secreted an antibody to a papain-sensitive RBC
antigen, was selected for antibody specificity. The
panel of RBCs used were typed in-house for selected
blood group antigens. Other random blood samples
were obtained from donors. The culture supernatant
was referred to the IBGRL, Bristol, UK, to test with

certain rare RBC phenotypes. The RBCs were treated
with sialidase (Sigma, St. Louis, MO) as per Issitt6 and
papain and trypsin as per Boorman et al.7
The RBCs were treated with 2-aminoethylisothiouroniumbromide (AET) as reported previously.8 The
immunoglobulin class of the antibody was ascertained
by using DTT as described by Mollison et al.9 To
ascertain the influence of components of the culture
supernatant (CS), including amino acids, antibiotics, and
salts, on reactivity of the MoAb, the CS was dialyzed
against normal saline at 4°C for 24 hours to remove
these substances. In the mixing experiment, an individual component in its appropriate concentration (as per
the package insert) was added separately to the dialyzed
CS (DCS) and tested with N+ RBCs. For example, 30 mL
of 7.5% sodium bicarbonate was needed for 1L of RPMI
medium. Accordingly, 3 µL of 7.5% sodium bicarbonate
solution was mixed with 100 µL of DCS. To study the
influence of pH on reactivity of the antibody, DCS was
diluted 1 in 2 in buffers of varying pH and tested with
the RBCs suspended in PBS.

Results
The MoAb secreted in the CS of clone 5A-11E10
agglutinated nearly all RBCs tested and was initially
thought to be a nonspecific agglutinin. However, the
diluted CS showed relatively stronger reactions against
N+ RBCs by immediate spin (IS). Specificity for S or s
antigens was ruled out by this approach because
diluted CS did not show strong agglutination of either
S or s RBCs lacking N. Agglutination of M–N+ RBCs by
CS was progressively increased after incubation of the
test for up to 15 minutes (see Table 1). Table 2 displays
agglutination titers and scores obtained with the CS
and different RBCs. The CS had a titer of 16 (score 45)
and 32 (score 58) with M+N+ and M–N+ RBCs,
respectively. It also agglutinated M+N– cells with a
titer of 4 (score 34). CS did not agglutinate M+N–U–
RBCs, though it reacted with U– RBCs that possessed N
antigen (i.e., M+N+U– and M–N+U–).
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Table 3. Antibody titer against N+ RBCs in the dialyzed culture
supernatant mixed with various components of the culture
medium

Table 1. Titers of antibody against M+N– RBCs in culture supernatant
5A-11E10 at different incubation periods
Immediate

After
5 min

After
10 min

After
15 min

Material tested

pH

Titer

Without spin

-

0

1

2

Culture supernatant (CS), native

6.8

16

After spin

0

4

8

8

Dialyzed CS (DCS) in normal saline

Centrifugation

Table 2. Titer values of antibody against different RBCs in culture
supernatant 5A-11E10
Red cell phenotype

Titer

Score

M+N–

4

34

M+N+

16

45

M+N+

16

45

M–N+

32

58

M+N+U–

16

39

M–N+U–

32

58

M+N–U–

0

0

0

6.8

8

DCS + amino acids, pooled

6.2

0

DCS + antibiotics, penicillin + streptomycin

5.5

0

DCS + sodium bicarbonates

8.5

8

DCS + ammonium bicarbonates

8.5

8

DCS + disodium sulfate

6.7

0

DCS + disodium carbonate

10.6

0

Tris-HCl buffer

8.5

0

9

0

Borate buffer

The CS did not agglutinate papain-treated RBCs but
did react, rather strongly, with the sialidase-treated
M–N+ RBCs with a titer of 64, and a titer of 16 against
untreated RBCs (the results are not tabulated). CS also
showed enhanced agglutination with RBCs treated
with trypsin and with RBCs treated with AET.
In a separate experiment, dialysis of the CS against
normal saline rendered the MoAb nonreactive.
Interestingly, the agglutinating property of the DCS was
re-established when sodium bicarbonate, one of the
components in the CS, was re-added. Ammonium
bicarbonate, not a constituent of CS but as another
formulation of bicarbonate salt, could also restore
reactivity to DCS. Similar anions, such as sulfate or
carbonate, did not restore reactivity of DCS nor did
other chemicals, including sodium salts of EDTA,
citrate, and azide, that have been reported in the
literature as causes of spurious serologic reactions. The
antibody activity in DCS was not seen at an acidic or an
alkaline pH when tested using buffered solutions of
phosphate, borate, or tris (Table 3).
CS’s agglutination property remained unaffected by
treatment with DTT, thus suggesting its IgG nature,
though the immunoglobulin class of the antibody was
not determined.

Discussion
Hybridoma technology is used for the production
of MoAbs to specific blood group antigens as well as to
other “passenger” antigens that also may be present on
the RBCs used for immunization. In the process, clones
that secrete antibodies to nontargeted antigens may be
detected. 5A-11E10 is such a clone. It secreted antibody
60

7

DCS + culture medium, originally used

DCS + sodium citrate, 3.8%

7.8

0

DCS + sodium EDTA

6.8

0

8

0

DCS + sodium dihydrogen phosphate, 0.15M

5

0

DCS + disodium hydrogen phosphate, 0.15M

7.6

0

DCS + sodium azide, 0.1%

Note: Results were read after 15 minutes of incubation and after mild centrifugation.

that agglutinated untreated RBCs but did not
agglutinate RBCs treated with papain. This observation
led us to the clone described in this report.
Although preliminary observations using the
antibody suggested it had specificity to a highfrequency antigen, specificity for anti-Inb was excluded
because it agglutinated RBCs pretreated with AET.8 The
CS selectively agglutinated N+ RBCs at a dilution of 10
after immediate spin. MoAbs that require a specific pH
and dilution to make them more specific as useful
reagents have been reported.2,3
Sialic acid is an integral part of M and N antigens.
RBCs treated with sialidase are not agglutinated by
most anti-M and -N.10 Nevertheless, antibodies to desialylated M and N antigens have been identified.11–13 The
present antibody appears to be similar, as its anti-‘N’
activity was not abolished, but rather enhanced, against
sialidase-treated RBCs. Removal of sialic acid from
RBCs has no influence on S or s antigens.14 However,
the possibility of specificity for S or s antigens was
ruled out through the absence of agglutination with
S+N– or s+N– RBCs.
Glycophorin A carries M and N antigens14 and is
sensitive to trypsin,15 while glycophorin B carries S, s,
and U antigens16 and is trypsin-resistant.17 ‘Cryptic N’ or
‘N’ (ISBT-MNS30) antigen is located on the N-terminal
end of glycophorin B and is resistant to trypsin.18 It is
present on almost all human RBCs except certain
rare U– phenotypes. Since antibody 5A-11E10 had
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apparent anti-N reactivity and was found to be resistant
to trypsin, we believe its specificity was directed also
to ‘N’. This hypothesis was confirmed when the
antibody failed to agglutinate M+N–U– RBCs known to
lack ‘N’.
The observation that the CS lost its hemagglutinating property after dialysis and regained it after
addition of sodium bicarbonate suggested that the
antibody required the presence of bicarbonate salt.
Certain anti-M and -N antibodies are known to react
preferentially in acidic or alkaline pH.19,20 Initially, we
thought the present MoAb reacted in the presence of
sodium bicarbonate because it causes an alkaline pH.
However, this possibility was ruled out when DCS
failed to agglutinate RBCs at an alkaline (or an acidic)
pH induced by the phosphate buffers. The role of
bicarbonate, specifically, was further suspected when
another bicarbonate salt, ammonium bicarbonate, also
induced hemagglutination by DCS. Certain antibodies
that require specific chemicals to agglutinate RBCs
have been reported.21,22 For example, EDTA-dependent
antibodies react with cryptantigens that are exposed
by EDTA and become accessible to the antibody.22
While studying the effect of pH on the reactivity of
certain monoclonal anti-M and -N antibodies, Fraser et
al.23 believed that changes in pH alter the charge of
various functional groups in M and N antigens at the
amino terminal ends of glycophorins, causing
conformational alterations. Whether bicarbonate
induces an alteration in the cell membrane, not
necessarily through the membrane-bound calcium, or
merely provides an alkaline pH and makes the cryptic
‘N’ antigen accessible to interact with the present
antibody, remains as speculation at this time. The
observation that reactivity of the present antibody with
M+N– RBCs was progressively enhanced by incubation
suggests that conformational changes exposing ‘N’
antigen may take place over a period of time.Whether
only the present anti-N secreted by clone 5A-11E10
bears the unique property of being reactive in the
presence of bicarbonates or some other monoclonal
anti-N (or anti-M) also have such a property remains to
be explored. We did not find a change in reactivity of
monoclonal anti-A tested for reactivity before and after
dialysis. Although the present antibody may not be as
useful as a typing reagent by virtue of its weak potency,
it provides an example of a qualitatively unique
antibody that reacts in the presence of an inorganic salt
of bicarbonate, a property that, to our knowledge, has
not been recognized previously with other MoAbs.
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Cefotetan-induced immune
hemolytic anemia following
prophylaxis for cesarean delivery
S. SHARIATMADAR, J.R. STORRY, L. SAUSAIS, AND M.E. REID

Second- and third-generation cephalosporins, notably cefotetan, are
increasingly implicated in severe, sometimes fatal immunemediated hemolytic anemia. We describe a 26-year-old woman who
developed severe hemolytic anemia 2 weeks after receiving a single
prophylactic dose of cefotetan during cesarean delivery. The
patient’s DAT was weakly reactive for IgG and her serum reacted
with cefotetan-coated RBCs. The antibody had a titer of 4096 by
antiglobulin testing. The patient required treatment with two units
of PRBCs and experienced gradual resolution of hemolysis. Our
case emphasizes the need for increased awareness of delayed onset
hemolytic anemia following prophylactic use of cefotetan.
Immunohematology 2004;20:63–66.

Key Words: cefotetan, cesarean delivery, DAT, druginduced hemolytic anemia, immune hemolytic anemia
Cefotetan is a second-generation cephalosporin
active against gram-positive and gram-negative aerobic
and anaerobic bacteria.1 Because of its broad-spectrum
antibacterial activity, cefotetan is a popular choice for
antimicrobial prophylaxis during surgical and obstetric
procedures.2 A single dose is commonly administered
after cesarean deliveries to reduce the incidence of
postpartum endomyometritis.3 Although short-term
prophylaxis with cefotetan is thought to carry minimal
adverse effects, several cases of severe hemolytic
anemia have been associated with the use of this drug,
some of which have been fatal.4–20 We present a case of
severe hemolytic anemia 2 weeks following cefotetan
prophylaxis for cesarean delivery.

Case Report
A healthy 26-year-old woman underwent an
uncomplicated cesarean delivery. Perioperatively, a
single prophylactic dose of cefotetan (1.0 g) was
administered intravenously. Her hospital course was
uneventful and she was discharged home in stable
condition. Routine laboratory work-up upon discharge, including a complete blood count, was within
normal limits.

Two weeks following delivery, the patient returned
to the hospital complaining of fatigue and shortness of
breath. She had a significant anemia with Hct of 14.8
percent. Serum LDH was 750 IU/L; total bilirubin was
3.5 mg/dL, and direct bilirubin was 1.0 mg/dL. The
reticulocyte count was 15% (corrected 5.3%). A
peripheral blood smear revealed marked polychromasia and nucleated RBCs. Other laboratory
studies, including platelet count, PT, aPTT, and serum
fibrinogen, were within normal limits. Serum blood
urea nitrogen, creatinine, haptoglobin, and liver
function studies were also normal. Urine, stool, and
blood cultures demonstrated no growth. The patient
was transfused with two units of PRBCs and experienced gradual resolution of hemolytic anemia. She was
discharged home in stable condition.

Materials and Methods
Routine serologic techniques were used. Drug
studies were performed as described by Arndt et al.19 A
40 mg/mL solution of cefotetan was prepared in PBS
(pH 7.1). One aliquot of washed PRBCs was incubated
with 10 volumes of the drug solution for 2 hours at
37°C. The RBCs were washed × 3 and resuspended to
a 5% solution. The patient’s serum was diluted 1 in 20.
Normal serum, tested in parallel, was also diluted 1 in
20. Two drops of the diluted serum were incubated
with one drop of untreated or cefotetan-treated RBCs
for 1 hour at 37°C. Tests were read after a brief
centrifugation and after IAT. Tests for reactivity by the
so-called immune complex mechanism were as
described.19 Titration studies were performed using
doubling dilutions of serum. An eluate was prepared
using the patient’s RBCs and the Elu-kit II (Gamma
Biologicals, Norcross, GA). Additional samples were
submitted for serologic investigation of drug-induced
hemolytic anemia.
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Results
No unexpected antibodies were detected using
antiglobulin techniques including albumin, LISS, PEG,
and MTS IgG gel cards (Micro Typing Systems,
Pompano Beach, FL). An acid eluate was nonreactive
with all cells tested by LISS, PEG antiglobulin testing,
and IgG gel card. The DAT was weakly positive using
anti-IgG and negative using anti-C3. There was
insufficient eluate to test against cefotetan-coated
RBCs. Further testing revealed anti-cefotetan in the
patient’s serum reacting with cefotetan-coated RBCs.
The antibody was strongly reactive and had a titer of
4096 by saline IAT. Test results were negative with
untreated RBCs when a 1mg/mL solution of cefotetan
was added to the serum (Table 1).
Table 1. Serologic characteristics of drug-induced hemolytic anemia
Drug
Neoantigen
adsorption23 formation23 Autoantibody23 Patient
DAT
Polyspecific

+

+

+

+

IgG

+

C3

Usually –

Usually –

+

+

+

Usually –

–

Serum Antibody
Routine

–

–

+/–

–

Soluble drug

–

+

+/–

–

Drug treated RBCs

+

–

+/–

+

–

–

+

–

Soluble drug

–

–

+

NT*

Drug treated RBCs

+

–

+

NT*

RBC Eluate
Routine

*Not tested

Discussion
Cefotetan is presently the most common cause of
drug-induced hemolytic anemia.19 A recent search of
the FDA’s spontaneous reporting system and the World
Health Organization’s database revealed 85 cases of
hemolytic anemia since the introduction of cefotetan
in 1985.20 Prior to this review, case and case series
reports involving 60 patients with hemolytic anemia
associated with this drug had been documented.4–19
Immune hemolytic anemia (IHA) secondary to
sensitization with cefotetan can result from several
types of interactions between the drug, antibodies, and
RBC membrane components. These include drug adsorption onto the RBCs, neoantigen (“immune
complex”) formation, and induction of autoantibodies.19,21–23 IHA secondary to drug adsorption
occurs when IgG antibodies directed against the drug
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interact with RBCs to which the drug is strongly
bound. The in vivo IgG-coated RBCs are then destroyed
in the reticuloendothelial system by extravascular
hemolysis. IHA due to neoantigen formation is thought
to occur when a drug binds weakly to normal RBCs
and the immune system perceives the drug-RBC
complex as foreign. Autoantibodies are directed
against membrane components and do not require the
drug for subsequent reactivity. These mechanisms can
be distinguished on the basis of serologic reactions of
the serum and the eluate (Table 1). The proposed
mechanisms are not mutually exclusive and may occur
in combination.21–23 In the majority of IHA cases due to
cefotetan, both the drug adsorption and the “immune
complex” mechanisms have been implicated.19
Our patient had clinical evidence of extravascular
hemolysis, characterized by slowly decreasing Hct,
absence of hemoglobinuria, and normal serum
haptoglobin. Immunohematology work-up confirmed
the presence of cefotetan-dependant antibodies. The
DAT was weakly positive for IgG. The patient’s serum
reacted with cefotetan-treated RBCs, supporting the
diagnosis of cefotetan-induced hemolytic anemia by
the drug adsorption mechanism. The antibody titer
was 4096 by saline IAT. This is in agreement with other
reports in the literature, as cefotetan antibodies have
been shown to be of high titer when compared with
other drug antibodies.19
IHA has been recognized in obstetric patients
receiving cefotetan prophylaxis during cesarean
delivery. Gallagher et al.4 published a case of a 27-yearold woman who developed severe hemolytic anemia
10 days after cefotetan prophylaxis during cesarean
section. Mechanism of hemolysis involved both drug
adsorption and “immune complex” formation. The
patient eventually recovered after receiving steroids
and four units of PRBCs. Garratty et al.17 described six
obstetric patients receiving cefotetan prophylaxis for
cesarean section. Hemolytic anemia, requiring two to
seven PRBC transfusions, developed 9 to 14 days after
antibiotic prophylaxis. The drug adsorption and
“immune complex” mechanisms were implicated in all
their patients. Naylor et al.18 reported three additional
cases of cefotetan-induced hemolytic anemia following
cesarean delivery. Hemolytic anemia occurred 9 to 12
days after administration of cefotetan and was
confirmed in all patients by the drug adsorption,
“immune complex,” or both mechanisms. One patient
was treated with steroids, while another was transfused
with four units of PRBCs. The third patient received
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steroids and four units of PRBCs. More recently,Arndt16
reported a 31-year-old woman who developed
hemolytic anemia 6 days after receiving two doses of
cefotetan for cesarean delivery. The patient required
transfusion with two units of PRBCs. Drug adsorption,
autoantibody formation, and “immune complex”
mechanisms were implicated. The patient had a
previous history of hemolytic anemia occurring after
cefotetan prophylaxis for cesarean delivery. The author
concluded that in retrospect, the earlier episode of
hemolysis may have also been due to an antibody to
cefotetan.
The diagnosis of cefotetan-induced hemolytic
anemia following prophylaxis for surgical procedures
may not always be obvious. An autoantibody (drugindependent antibody) in a patient’s serum or eluate
may lead to an erroneous diagnosis of autoimmune
hemolytic anemia. Likewise, blood transfusion during
surgery may initially raise suspicion of a delayed
hemolytic reaction if the DAT is positive. Women are
predisposed to anemia during normal pregnancy,
because of a disproportionately increased plasma
volume compared with the RBC mass.24 Unless
excessive blood loss occurs during delivery, the Hct
generally increases in the immediate postpartum
period. When anemia occurs unexpectedly in the
postpartum period, if associated with the use of
antibiotics, immune-mediated hemolytic anemia should
be considered and investigated before more cefotetan
is given. In certain instances, the drug antibody can be
easily detected with minimal drug investigation
studies, such as the use of serum and titration studies as
demonstrated in our patient, while in others, a more
extensive drug study with the use of enzyme-treated
RBCs may be necessary.
Hemolytic anemia associated with cefotetan
prophylaxis usually becomes apparent about 7 to 10
days after administration.19 A single dose can result in
severe hemolytic anemia. The DAT can range from
weakly reactive to a strong (4+) reaction. In most cases,
the anemia resolves gradually, although the positive
DAT may persist for several weeks. Transfusion support
with PRBCs is indicated in the majority of patients.19
Because there is no universally accepted treatment
for cefotetan-induced IHA, the main goal is prevention.
Second- and third-generation cephalosporins have
been frequently associated with severe hemolytic anemia when compared with first-generation cephalosporins.19 Indeed, there are only five well-documented
cases of hemolytic anemia attributed to first-generation

cephalosporins. Double-blind controlled trials in
obstetric and gynecologic surgery have demonstrated
no clear advantage of the more expensive broadspectrum agents over the first-generation cephalosporins. For prophylaxis of infection in patients
undergoing obstetric surgery, cefazolin, a firstgeneration cephalosporin, is associated with fewer
cases of IHA and may be preferable to cefotetan.25
Our case, in addition to others reported in the
literature, confirms the importance of considering
drug-induced hemolytic anemia whenever an obstetric
patient develops unexpected anemia following
antibiotic prophylaxis. This is especially true in cases
when the patient returns to the hospital 1 to 2 weeks
after receiving the prophylactic cefotetan. It is
important, once the diagnosis is established, that the
patient’s physician be informed and that the patient be
counseled not to receive cefotetan again.
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20TH ANNIVERSARY—1984–2004! MANY THANKS!

Letters From the Editor-in-Chief

In Volume 1, Number 1, 1984, Immunohematology
was transformed from a newsletter to a peer-reviewed
journal with these words:“The title of our newsletter—
Red Cell Free Press—has been put to rest and in its
place a new name—Immunohematology—and a new
direction.” That direction always has been to
encourage authors to publish new studies and
interesting information relevant to blood group
serology and education. In that first issue, our editorial
board offered to help new authors prepare a paper for
publication. Over the years, we only received one
request for help.
Present on the first editorial board were Oscar
Behzad; Nancy Blyler; Virginia Vengelen-Tyler; Robert
Westphal, MD; and Sandra (Sandy) Ellisor. Sandy has
remained on the editorial board for the entire 20 years
and was one of the founding editors of the Red Cell
Free Press! Together, Sandy; Marion Reid, PhD; and
Helen Glidden founded the Red Cell Free Press, which
published case studies, scientific articles, test methods,
and helpful information for the American Red Cross
Reference Laboratories. These three have written
letters remembering the start of the Red Cell Free Press
and then Immunohematology. Letters from Marion
Reid and Helen Glidden appear in this issue. Tibor
Greenwald, MD, was medical director at that time and
encouraged them to move ahead with the publication.
It was an elegant and costly publication with many
interesting items, some of which will be republished
this year. I know you will enjoy reading them!
Denise Harmening, PhD, was the first author in the
first issue of the journal, in 1984, and she has written a
letter that will be published in the June issue, with her
thoughts on then and now. We hope to have others
who have contributed to the development of
Immunohematology over the years contribute their
thoughts. If you, our readers, have any comments that
you would like to add, send them on.

Have you noticed that Immunohematology has
almost no errors? This probably is because five people
read each issue in its entirety before publication: the
medical editor, the technical editor, the copy editor, the
proofreader, and, at least three times, the managing
editor. The managing editors over the years have been
the cement that has held the journal together, on time
and in our style. The technical editor keeps us accurate
and the medical editor makes sure that we do not make
medical errors. The first medical editor was Dr. Robert
Westphal, then Dr. S. Gerald Sandler. Now we have a
senior medical editor, Dr. Scott Murphy, Dr. Sandler as
medical editor, and Drs. Meny, Vassallo, and Moolton
as associate editors. Ella Toy was the first managing
editor, though not given the title. She was followed
in 1987 by the current managing editor, Mary
McGinniss!
Currently, Christine Lomas-Francis,
technical editor, reads every word for technical errors!
Lucy Oppenheim is our very competent copy editor.
Also contributing to our excellent reputation are Linda
Berenato, editorial assistant; Marge Manigly, production
assistant; Paul Duquette, the electronic publisher; and
George Aydinian, proofreader. If you see an error, it is a
wonder!
Special thanks go to Dr. Jerry Sandler. He was the
director of the laboratories when Immunohematology
was being transformed. He was most enthusiastic,
helpful,and encouraging,and he always found the funds
necessary to subsidize the cost of the publication. He
remains our best and most honest critic, and I suspect
he is as proud of this accomplishment as we are.
We cannot forget Ortho-Clinical Diagnostics, which
has supported the publication of an issue of
Immunohematology each year for the past 13 years.
This is a wonderful testament to the dedication of
Ortho-Clinical Diagnostics to education in the field of
blood banking. In addition, until 2001, a copy of each
issue of Immunohematology was sent to each
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member of their Bankers Club. More than 4000 copies
each year were sent around the world until the Bankers
Club was disbanded. Thank you Ortho-Clinical
Diagnostics!
Finally, there are many readers and authors who
have been with us for 20 years, and some others who
are working on it! Whether one article, one
subscription, or 20, we value your support and are
honored to have you with us. We pledge that we will

continue to “encourage new authors to publish studies
and interesting information.” We will also keep the
journal relevant to blood group serology and
education, and within your means.
Thank you for 20 wonderful years!
Delores Mallory
Editor-in-Chief

The first 20th Anniversary Issue
It is with great pleasure that we present the first of four review issues to celebrate our 20 years of publication.
The guest editor of this issue is Christine Lomas-Francis, MSc, who has done a superb job of organizing and
bringing this issue home. The authors selected for these topics are the best in the field.
In addition to the four benchmark reviews on serologic topics you will find two original papers and letters
from Helen Glidden and Marion Reid, two of the founders of the Red Cell Free Press. This is a great issue!

The second 20th Anniversary Issue
Get ready for June! Scott Murphy, MD, will be the guest editor for that issue and the general topic will be
platelets and white blood cells. Some of the specific topics will be management of refractoriness, RhIg, NAIT, and
TRALI.
Delores Mallory
Editor-in-Chief
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Letter to the Editors
It is interesting to look back on the history of the
journal Immunohematology, which, if you count the
predecessors, has existed for 28 years.
In 1974, the American Red Cross (ARC) Reference
Laboratory Committee was formed. The members of
this committee decided to produce a newsletter
written by people (mostly technologists) who were
interested in immunohematology. This newsletter was
initially published as the “American Red Cross
Reference Laboratory Newsletter” (Vol. 1, No. 1,
October 15, 1976). A request for ideas for a more
original name generated the following possibilities:
“Immune Tribune,” “Pipette Gazette,” “Red Cell Free
Press,”“Red Cell Gazette,” and “Transferase.” Members
of the Red Cross Reference Laboratories voted and the
name “Red Cell Free Press” was selected.
From 1978 to 1983 (Volumes 3 to 8), the newsletter
was published as “Red Cell Free Press, ARC Reference
Laboratory Newsletter.” In 1980 (Volume 5), the
letterhead changed to include the Red Cross logo.
Thus, from 1976 to 1983, the newsletter was published
with the purpose of sharing SOPs, helpful hints, and
articles written “by the people, for the people.”
During these 8 years, standard features included a
calendar of events, a list of reagents available from the
ARC, a crossword puzzle, results of proficiency testing,

and a list of relevant recent references. The co-editors
for the newsletters were Sandy Ellisor, Marion Reid
(both from Central California Red Cross Blood
Services), and Helen Glidden (from ARC National
Headquarters).
In September 1984, Delores Mallory became the
editor-in-chief
for
the
first
volume
of
Immunohematology. The title change was introduced
“to reflect the move from a newsletter toward a more
serious journalistic report.” The editorial board was
expanded to “encourage neophytes and offer assistance
in writing.” In 1988, the journal maintained its name
but the front cover design was changed to that used
today.
To me, the newsletters and the journal provided,
and still provide, a vehicle for sharing information and
encouraging and mentoring novice writers in areas
that are of interest to immunohematologists. I look
forward to the next 20 years!
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Letter to the Editors
In the mid-seventies the Red Cell Free Press came
into existence because two enthusiastic immunohematologists, Sandy Ellisor and Marion Reid, who worked at
the Central California Red Cross Region in San Jose, had
a vision. They wanted Red Cross Reference Laboratories all over the country to exchange information and
ideas. Their proposal to provide a newsletter several
times a year to each regional reference laboratory was
readily approved by National Headquarters, who
recognized the value of promoting education in the
regions. What better way to inform and educate
reference laboratory staff than to have an exchange of
information in the form of a newsletter! Indeed, Dr.
Tibor Greenwalt, then the Director of the American
National Red Cross, was pleased to learn that a channel
for serologic information exchange was being planned,
and he submitted an essay for the first issue. He
recognized that reference laboratories were a valuable
resource for resolving complex antibody problems,
initiating family studies to produce new data of
scientific interest, and identifying rare donors to add to
the National Rare Donor Registry. His advice at that
seminal stage was to “. . . keep the lines of
communication humming.”
With Marion’s and Sandy’s impetus, hard work, and
input, and with coordination at Headquarters, the
newsletter took shape. It served as an excellent forum
to announce upcoming meetings of interest to
reference laboratory staff, to share minutes of reference
laboratory committee meetings, to present unusual
case studies, to provide procedural tips, and to share
formulas for the preparation of reagents. It also served
as a source of references for immunohematology
topics, provided a current literature review, and
challenged the knowledge of the reader with blood
group serology–related crossword puzzles. Regional
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reference laboratories were no longer working in a
vacuum, and camaraderie among reference laboratories
across the Red Cross system blossomed. The list of
contributors to the newsletter grew. Everyone wanted
to learn more and to do more. A terrific network of
reference laboratories emerged.
Those early years were a time of growing and
evolving. It was an exciting time because there were
so many possibilities. It was truly the beginning: we
were generating the knowledge and creating the rules
and policies that shaped what Red Cross reference
laboratories would become. The newsletter served
as a catalyst to make this possible and it has matured
in both format and content to become the
Immunohematology, Journal of Blood Group
Serology and Education, we know today.
On its 20th anniversary, Immunohematology is
no longer a mere newsletter, but rather a bona fide
journal with international scope. It has many
contributors from all over the world who provide
informative articles with sophisticated data. After all,
the discipline of immunohematology is much more
complex than we ever realized those 20+ years ago.
Immunohematology is a valuable journal that
continues to expand our knowledge and understanding. And, thankfully, the goal of the journal is
the same as it was when Marion and Sandy had
their vision of a newsletter so many years ago.
Immunohematology does indeed serve as a valuable
forum for communicating information pertaining to
blood group serology and education.
Helen Glidden, MT(ASCP)SBB
American Red Cross Biomedical Services
2025 E Street, NW
Washington, DC 20006
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BOOK REVIEW
Pediatric Transfusion Therapy. Jay H. Herman,
MD, and Catherine Manno, MD, eds. Bethesda, MD:
American Association of Blood Banks (AABB) Press,
2003. List price $155; member price $130. Stock
number: 032030. To order: call (866) 222-2498.
A comprehensive textbook in the field of pediatric
transfusion therapy was long needed. A recent
literature search revealed that the most recent
textbook dedicated to the topic was published in 1994.
Further, the few published books were all single
editions. Consequently, the question is: is there is a real
need for a textbook dedicated to pediatric transfusion
therapy? I believe there is, as there is a need for
periodic updates of a given textbook since the field of
transfusion medicine progresses rapidly, with many
laboratory and clinical innovations. The editors noted
correctly in the preface of the book that the body size
as well as the dynamic nature of the pediatric
population is often not considered by standard
techniques and policies, and misapplication of them
may pose harm to young transfusion recipients. In
addition, there are distinct technical, physiologic, and
pathologic considerations that mostly pertain to
pediatrics, such as transfusion management of
neonates, children with cyanotic congenital heart
disease, and children with immune thrombocytopenic
purpura, among others.
The book is divided into 21 chapters, almost all of
which are written by single authors. The editors have
recruited many of the best pediatric transfusionists in
the United States and have put together a solid,
balanced, uniform, and well-structured book. Each
chapter is essentially a succinct lecture, which provides
just the necessary pathogenesis, diagnosis, and clinical
background to allow the reader to progress easily and
understand the transfusion practices pertinent to the
specific topic. The book offers comprehensive reviews
and in-depth discussions of the fundamental principles
of neonatal and pediatric transfusion practices.
Whenever literature was available on a certain topic,
the authors summarized, evaluated, and sorted the
scientific/clinical studies for reliability and validity,
consistent with the increased focus on the application
of evidence in clinical practice. Good examples of this
are the analyses of the major clinical trials of
recombinant human erythropoietin for anemia of

prematurity, small-volume red cell transfusions in
preterm infants, and preoperative autologous blood
donations in pediatric patients. The book is not heavily
illustrated but it does contain data tables that
complement the text nicely and present the
information in a clear and organized manner.
As a practicing pediatric hematologist/oncologist, I
believe two additional chapters would have been
helpful: one focused on the challenges of transfusing
children with beta thalassemia major and another on
the transfusion support for solid organ transplant
recipients, in particular—and most relevant to
pediatrics—small bowel and small bowel–liver
transplant recipients. The table that summarizes the
indications for irradiated blood components does not
include patients with HIV/AIDS, and the chapter about
irradiation of blood products does not mention that
most blood banks in the country issue irradiated blood
for most of the “potential” indications.
On a different note, the shape and size of the book
resemble those of a hard-covered novel and as an
added attraction, it is printed in a fairly large font size.
I certainly believe these characteristics will entice the
reader. The editors are aiming this book at all those
involved in pediatric transfusions, including many
disciplines and professions. This is a novel and
ambitious approach and most certainly well suited to
the intended audience; there is truly something for
everyone.
In summary, the editors have produced a book that
will be an essential resource to all those involved in
pediatric transfusion, and I very much hope this is the
first of many editions to come.
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Corina E. Gonzalez, MD
Assistant Professor
Division of Hematology/Oncology
Blood and Marrow Transplantation
Georgetown University Hospital
3800 Reservoir Road
Washington, DC 20007-2197
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ANNOUNCEMENTS

Monoclonal antibodies available at no cost. The
Laboratory of Immunochemistry at the New York
Blood Center has developed a wide range of
monoclonal antibodies (both murine and humanized)
that are useful for screening for antigen–negative
donors and for typing patients’ RBCs with a positive
DAT. Monoclonal antibodies available include anti-M,
-Fya, -Fyb, -K, -k, -Kpa, -Jsb, -Dob, -Wrb, and –Rh17. For a
complete list of available monoclonal antibodies, please
see our Web site at www.nybloodcenter.org/
framesets/FS-4C7.htm. Most of those antibodies are
murine IgG and, thus, require the use of anti-mouse IgG
for detection, i.e, anti-K, -k, and -Kpa. Some are directly
agglutinating (anti-M, -Wrb, and -Rh17), and a few have
been humanized into the IgM isoform and are directly
agglutinating (anti-Jsb and -Fya). The monoclonal
antibodies are available at no charge to anyone who
requests them. Contact: Marion Reid (mreid@
nybloodcenter.org), or Gregory Halverson (ghalverson@
nybloodcenter.org), New York Blood Center, 310 East
67th Street, New York, NY 10021.
New York State Blood Bank Association annual
meeting. The Blood Banks Association of New York
State, Inc., will hold its 53rd annual meeting on June
9–11, 2004, in Albany, NY. The preliminary program
includes bacterial contamination, stem cells, quality
improvement, cost containment in the transfusion
service setting, technical workshops, an infectious
disease update, and a nursing track. Advance registration is encouraged. For more information and
registration, contact: Kevin Pelletier, MT(ASCP), Blood
Banks Association of New York State, Inc., PO Box
38002, Albany, NY 12203-8002; phone: (518) 485-5341;
e-mail: BTRAXESS@health.state.ny.us

HEMATOLOGÍA HABANA′ 2005–First
Announcement. The 5th National Congress and
the 7th Latin American Meeting in Hematology,
Immunology, and Transfusion Medicine will present a
scientific program at the International Conference
Center, Havana, Cuba, May 16–20, 2005. A preliminary
program lists malignant hemopathies, disorders of
RBC membranes, immunotherapy, histocompatibility,
immunohematology, hemolytic disease of the newborn, and blood components as some of the topics.
For more information contact: Prof. José M. Ballester,
President, Organizing Committee, Hematology
Habana′ 2005, Apartado 8070, Ciudad de la Habana,
CP 10800, Cuba.
Workshop on Blood Group Genotyping. The
ISBT/ICSH Expert Panel in Molecular Biology has
recommended that a workshop be held on blood
group genotyping by molecular techniques. The results
would culminate in a report at the ISBT Congress, July
11–15, 2004, in Edinburgh, Scotland. It was decided
that only laboratories that provide a reference service
in blood group genotyping would be included in the
workshop. One of the aims of the workshop would be
to establish an external quality assurance plan. If you
have any suggestions as to how the workshop should
be organized, we would be grateful for your opinions.
If you are interested in taking part in such a workshop,
please contact Geoff Daniels (geoff.daniels@nbs.
nhs.uk). Offer presented by Geoff Daniels, Martin L.
Olsson, and Ellen van der Schoot.

KEEP THESE DATES OPEN!!!
American Red Cross Immunohematology Reference Laboratory Conference. Join your colleagues for 3
days of learning and networking at the 2004 American Red Cross Immunohematology Reference Laboratory
Conference,April 23–25, 2004, in Memphis,Tennessee. Hear cutting edge information on the serologic and clinical
implications of TRALI and WAIAH, participate in proctor-led serologic case studies, question representatives from
regulatory agencies such as the FDA and CLIA, and learn more about hot topics that affect reference laboratories
in today’s world. For more information contact: mmanigly@usa.redcross.org
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Masters (MSc) in Transfusion and Transplantation Sciences
At
The University of Bristol, England
Applications are invited from medical or science graduates for the Master of Science (MSc) degree in
Transfusion and Transplantation Sciences at the University of Bristol. The course starts in October 2004 and
will last for one year. A part-time option lasting three years is also available. There may also be
opportunities to continue studies for PhD or MD following MSc. The syllabus is organised jointly by The
Bristol Institute for Transfusion Sciences and the University of Bristol, Department of Transplantation
Sciences. It includes:
• Scientific principles underlying transfusion and transplantation
• Clinical applications of these principles
• Practical techniques in transfusion and transplantation
• Principles of study design and biostatistics
• An original research project
Applications can also be made for Diploma in Transfusion and Transplantation Science or a Certificate in
Transfusion and Transplantation Science.
The course is accredited by the Institute of Biomedical Sciences.

Further information can be obtained from the Web site:
http://www.bloodnet.nbs.nhs.uk/ibgrl/MSc/MScHome.htm

For further details and application forms please contact:
Professor Ben Bradley
University of Bristol, Department of Transplantation Sciences
Southmead Hospital, Westbury-on-Trym, Bristol BS10 5NB, England
FAX

+44 1179 595 342, TELEPHONE +44 1779 595 455, E-MAIL: ben.bradley@bristol.ac.uk
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ADVERTISEMENTS

NATIONAL REFERENCE LABORATORY FOR
BLOOD GROUP SEROLOGY

National Platelet Serology Reference
Laboratory

Immunohematology Reference
Laboratory

Diagnostic testing for:
• Neonatal alloimmune thrombocytopenia (NAIT)
• Posttransfusion purpura (PTP)
• Refractoriness to platelet transfusion
• Heparin-induced thrombocytopenia (HIT)
• Alloimmune idiopathic thrombocytopenia
purpura (AITP)
Medical consultation available

AABB, ARC, New York State, and CLIA licensed
(215) 451-4901—24-hr. phone number
(215) 451-2538—Fax

American Rare Donor Program
(215) 451-4900—24-hr. phone number
(215) 451-2538—Fax
ardp@usa.redcross.org

Immunohematology
(215) 451-4902—Phone, business hours
(215) 451-2538—Fax
immuno@usa.redcross.org

Quality Control of Cryoprecipitated-AHF
(215) 451-4903—Phone, business hours
(215) 451-2538—Fax

Granulocyte Antibody Detection and Typing
• Specializing in granulocyte antibody detection
and granulocyte antigen typing
• Patients with granulocytopenia can be classified
through the following tests for proper therapy
and monitoring:
—Granulocyte agglutination (GA)
—Granulocyte immunofluorescence (GIF)
—Monoclonal Antibody Immobilization of
Granulocyte Antigens (MAIGA)
For information regarding services, call Gail Eiber
at: (651) 291-6797, e-mail: eiber@usa.redcross.org,
or write to:
Neutrophil Serology Reference Laboratory
American Red Cross
St. Paul Regional Blood Services
100 South Robert Street
St. Paul, MN 55107
CLIA LICENSED
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Test methods:
• GTI systems tests
—detection of glycoprotein-specific platelet
antibodies
—detection of heparin-induced antibodies (PF4
ELISA)
• Platelet suspension immunofluorescence test
(PSIFT)
• Solid phase red cell adherence (SPRCA) assay
• Monoclonal antibody immobilization of platelet
antigens (MAIPA)
For information, e-mail: immuno@usa.redcross.org
or call:
Maryann Keashen-Schnell
(215) 451-4041 office
(215) 451-4205 laboratory
Sandra Nance
(215) 451-4362
Scott Murphy, MD
(215) 451-4877
American Red Cross Blood Services
Musser Blood Center
700 Spring Garden Street
Philadelphia, PA 19123-3594
CLIA LICENSED
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ADVERTISEMENTS CONT’D
IgA/Anti-IgA Testing

Reference and Consultation Services

IgA and anti-IgA testing is available to do the
following:
• Monitor known IgA-deficient patients
• Investigate anaphylactic reactions
• Confirm IgA-deficient donors

Red cell antibody identification and problem
resolution

Our ELISA assay for IgA detects antigen to
0.05 mg/dL.

Paternity testing/DNA

HLA-A, B, C, and DR typing
HLA-disease association typing

For information regarding our services, contact
For information on charges and sample
requirements, call (215) 451-4351, e-mail:
achurch@usa.redcross.org,
or write to:
American Red Cross Blood Services
Musser Blood Center
700 Spring Garden Street
Philadelphia, PA 19123-3594
ATTN: Ann Church

Zahra Mehdizadehkashi at (503) 280-0210, or
write to:
Pacific Northwest Regional Blood Services
ATTENTION: Tissue Typing Laboratory
American Red Cross
3131 North Vancouver
Portland, OR 97227

CLIA LICENSED

CLIA LICENSED, ASHI ACCREDITED

Notice to Readers: All articles published,
including communications and book reviews,
reflect the opinions of the authors and do not
necessarily reflect the official policy of the
American Red Cross.

IMMUNOHEMATOLOGY IS ON THE WEB!

www.redcross.org/pubs/immuno
Password “2000”
For more information or to send an e-mail

Notice to Readers: Immunohematology, Journal
of Blood Group Serology and Education, is
printed on acid-free paper.
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message “To the editor”
immuno@usa.redcross.org
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Instructions for Authors
SCIENTIFIC ARTICLES, REVIEWS, AND CASE REPORTS
Before submitting a manuscript, consult current issues of
Immunohematology for style. Type the manuscript on white bond
paper (8.5" × 11") and double-space throughout. Number the pages
consecutively in the upper right-hand corner, beginning with the
title page. Each component of the manuscript must start on a new
page in the following order:
1. Title page
2. Abstract
3. Text
4. Acknowledgments
5. References
6. Author information
7. Tables—see 6 under Preparation
8. Figures—see 7 under Preparation
Preparation of manuscripts
1. Title page
A. Full title of manuscript with only first letter of first word
capitalized (bold title)
B. Initials and last name of each author (no degrees; all CAPS),
e.g., M.T. JONES and J.H. BROWN
C.Running title of ≤ 40 characters, including spaces
D.3 to 10 key words
2. Abstract (not required for review articles)
A. One paragraph, no longer than 300 words
B. Purpose, methods, findings, and conclusions of study
3. Key words—list under abstract
4. Text (serial pages)
Most manuscripts can usually, but not necessarily, be divided into
sections (as described below). Results of surveys and review
papers are examples that may need individualized sections.
A. Introduction
Purpose and rationale for study, including pertinent background references.
B. Case Report (if study calls for one)
Clinical and/or hematologic data and background serology.
C.Materials and Methods
Selection and number of subjects, samples, items, etc. studied
and description of appropriate controls, procedures, methods,
equipment, reagents, etc. Equipment and reagents should be
identified in parentheses by model or lot and manufacturer’s
name, city, and state. Do not use patients’ names or hospital
numbers.
D.Results
Presentation of concise and sequential results, referring to pertinent tables and/or figures, if applicable.
E. Discussion
Implications and limitations of the study, links to other studies;
if appropriate, link conclusions to purpose of study as stated in
introduction.
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5. Acknowledgments
Acknowledge those who have made substantial contributions to
the study, including secretarial assistance; list any grants.
6. References
A. In text, use superscript, arabic numbers.
B. Number references consecutively in the order they occur in
the text.
C.Use inclusive pages of cited references, e.g., 1431–7.
D.Refer to current issues of Immunohematology for style.
7. Tables
A. Head each with a brief title, capitalize first letter of first word
(e.g., Table 1. Results of ...), and use no punctuation at the end
of the title.
B. Use short headings for each column needed and capitalize first
letter of first word. Omit vertical lines.
C.Place explanations in footnotes (sequence: *, †, ‡, §, ¶, **, ††).
8. Figures
A. Figures can be submitted either by e-mail or as photographs
(5″ × 7″ glossy).
B. Place caption for a figure on a separate page (e.g., Fig. 1. Results
of ...), ending with a period. If figure is submitted as a glossy,
place first author’s name and figure number on back of each
glossy submitted.
C.When plotting points on a figure, use the following symbols if
possible: ● ● ▲ ▲ ■ ■.
9. Author information
A. List first name, middle initial, last name, highest academic
degree, position held, institution and department, and
complete address (including zip code) for all authors. List
country when applicable.
SCIENTIFIC ARTICLES AND CASE REPORTS SUBMITTED
AS LETTERS TO THE EDITOR
Preparation
1. Heading—To the Editor:
2. Under heading—title with first letter capitalized.
3. Text—write in letter format (paragraphs).
4. Author(s)—type flush right; for first author: name, degree,
institution, address (including city, state, ZIP code, and country);
for other authors: name, degree, institution, city, and state.
5. References—limited to ten.
6. One table and/or figure allowed.

Send all submissions (original and two copies) to:
Mary H. McGinniss, Managing Editor, Immunohematology,
10262 Arizona Circle, Bethesda, MD 20817 and e-mail your
manuscript to Marge Manigly at mmanigly@usa.redcross.org
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Becoming a Specialist in Blood Banking (SBB)
What is a certified Specialist in Blood Banking (SBB)?
• Someone with educational and work experience qualifications who successfully passes the American Society for
Clinical Pathology (ASCP) board of registry (BOR) examination for the Specialist in Blood Banking.
• This person will have advanced knowledge, skills, and abilities in the field of transfusion medicine and blood banking.
Individuals who have an SBB certification serve in many areas of transfusion medicine:
• Serve as regulatory, technical, procedural and research advisors
• Perform and direct administrative functions
• Develop, validate, implement, and perform laboratory procedures
• Analyze quality issues preparing and implementing corrective actions to prevent and document issues
• Design and present educational programs
• Provide technical and scientific training in blood transfusion medicine
• Conduct research in transfusion medicine
Who are SBBs?
Supervisors of Transfusion Services
Supervisors of Reference Laboratories
Quality Assurance Officers
Why be an SBB?
Professional growth

Managers of Blood Centers
Research Scientists
Technical Representatives

Job placement

Job satisfaction

LIS Coordinators Educators
Consumer Safety Officers
Reference Lab Specialist
Career advancement

How does one become an SBB?
• Attend a CAAHEP-accredited Specialist in Blood Bank Technology Program OR
• Sit for the examination based on criteria established by ASCP for education and experience
Fact #1: In recent years, the average SBB exam pass rate is only 38%.
Fact #2: In recent years, greater than 73% of people who graduate from CAAHEP-accredited programs pass the SBB
exam.
Conclusion:
The BEST route for obtaining an SBB certification is to attend a CAAHEP-accredited Specialist in Blood Bank
Technology Program
Contact the following programs for more information:
P ROGRAM

C ONTACT N AME

C ONTACT I NFORMATION

Walter Reed Army Medical Center

William Turcan

202-782-6210;
William.Turcan@NA.AMEDD.ARMY.MIL

Transfusion Medicine Center at Florida Blood Services

Marjorie Doty

727-568-5433 x 1514; mdoty@fbsblood.org

Univ. of Illinois at Chicago

Veronica Lewis

312-996-6721; veronica@uic.edu

Medical Center of Louisiana

Karen Kirkley

504-903-2466; kkirkl@lsuhsc.edu

NIH Clinical Center Department of Transfusion Medicine

Karen Byrne

301-496-8335; Kbyrne@mail.cc.nih.gov

Johns Hopkins Hospital

Christine Beritela

410-955-6580; cberite1@jhmi.edu

ARC-Central OH Region, OSU Medical Center

Joanne Kosanke

614-253-2740 x 2270; kosankej@usa.redcross.org

Hoxworth Blood Center/Univ. of Cincinnati Medical Center

Catherine Beiting

513-558-1275; Catherine.Beiting@uc.edu

Gulf Coast School of Blood Bank Technology

Clare Wong

713-791-6201; cwong@giveblood.org

Univ. of Texas SW Medical Center

Barbara Laird-Fryer

214-648-1785; Barbara.Fryer@UTSouthwestern.edu

Univ. of Texas Medical Branch at Galveston

Janet Vincent

409-772-4866; jvincent@utmb.edu

Univ. of Texas Health Science Center at San Antonio

Bonnie Fodermaier
Linda Smith

SBB Program: 210-358-2807,
bfodermaier@university-health-sys.com
MS Program: 210-567-8869; smithla@uthscsa.edu

Blood Center of Southeastern Wisconsin

Lynne LeMense

414-937-6403; Irlemense@bcsew.edu

Additional information can be found by visiting the following Web sites: www.ascp.org, www.caahep.org, and www.aabb.org
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Musser Blood Center
700 Spring Garden Street
Philadelphia, PA 19123-3594

(Place Label Here)

