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1 General Introduction

History of Blood and Blood Transfusion

Blood has been subject to many myths and mysti�cation in di�erent cultures and reli-
gions, and even divination of blood is still seen in monotheistic religion (e.g. Leviticus
7). The father of (clinical) medicine, Hippocrates (around 400 BC), demysti�ed blood
and described it as one of the four humours, the other three being black and yellow bile
and phlegm (1). Although this theory is not correct in the view of modern knowledge of
anatomy and physiology, it was the most common view of blood, blood circulation and
health until the 19th century.

In 1628 William Harvey published his work �Exercitatio Anatomica de Motu Cordis et
Sanguinis in Animalibus�, which led to great progress in the understanding of blood and
its circulation. The �rst fully-documented blood transfusion was between a lamb and a
15-year-old boy, performed by Jean-Baptiste Denis in 1667 (2). The boy could survive
because only a small amount of blood was transfused. Almost at the same time Richard
Lower successfully transfused blood between animals in England (3). In 1818 the British
Gynaecologist James Blundell started to study blood transfusion between humans and
postulated two important rules: only transfuse between humans and only transfuse to
supplement the loss of blood (4).

Karl Landsteiner made a giant step further with his discovery of the ABO blood-
group system at the beginning of the 20th century, showing that blood transfusion should
only occur between persons of the same blood group (5). In 1937 Levine and Stetson
investigated an �unusual case of intra-group agglutination�, in which they transfused
a woman with the blood of her husband (both had blood group O) after she had a
stillbirth (6). The woman's symptoms worsened shortly after transfusion. The antigen
on the father's red cells was independent of the other, then known blood groups MN
and P (found in 1927 by Landsteiner and Levine) (7, 8). The woman's serum was tested
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against the blood of 104 persons with blood group O, and the blood of only 21 of them
did not agglutinate. Levine and Stetson hypothesized that the causative antigen was
already present on the red cells of the foetus, which had led to the immunisation.

These �ndings were published as an interesting case study, and no further studies were
performed until in 1940 Landsteiner and Wiener detected antibodies in the serum of
rabbits and guinea pigs after they had been injected with the blood of Rhesus macaques
(9). The animal antibodies in the anti-Rh serum appeared to react to the antigen as
described by Levine and Stetson. Meanwhile, Levine et al. had described the aetiology
of erythroblastosis foetalis (Haemolytic Disease of the Newborn), showing the incompati-
bility between mother and foetus based on anti-Rh antibody (10, 11, 12). Later Fisk and
Foord revealed, however, that the human anti-Rh antibodies in the case of Haemolytic
Disease of the Newborn (HDN) recognized a di�erent antigen than the animal anti-Rh
antibodies in the rabbit and guinea pig sera (13). The former antigen is now known as
the Rh blood group, and the latter antigen was renamed LW in honour of Landsteiner
and Wiener.

It was clear that the Rh blood-group system was not a simple �one antigen one antibody
system�. In the following years other members of the Rh blood-group system were found:
C (Wiener, 1941), c (Levine, 1941), E (Race et al., 1943) and e (Mourant et al., 1945) (14,
15). Molecular analysis of Rh proteins started in 1982, when two reports simultaneously
described a 28-32 kDa protein that was absent from the membranes of D-negative red
cells (16, 17). In the following sections the Rh blood-group system will be described in
more detail.

The Rh blood-group system

Rh complex and function

The Rh family has 5 family members, RhD, RhCE, RhAG, RhBG and RhCG (reviewed
by Avent et al.(18)). The Rh-associated glycoproteins RhAG, RhBG and RhCG have a
high homology to the extracellular part of the RhD and RhCE proteins but are glyco-
sylated and are not immunogenic; most probably because they lack polymorphisms(19).
At least three Rh accessory proteins (CD47, LW-glycoprotein and glycophorin B) are
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important for the expression of the Rh proteins and the linkage of the Rh complex to
the red cell cytoskeleton(20).

Marini et al. found a high homology between the Rh-associated glycoproteins and
the ammonium-transporters in S.cerevisiae(21). This �nding led to more studies on the
function of the Rh complex (reviewed by Planelles(22)). It is now believed that the Rh
complex transports ammonium ions, although some studies indicate its role in carbon
dioxide transport as well. The comparison of the Rh complex with ammonium trans-
porters also led to new insights in the arrangement of the di�erent Rh family members
on the red cell membrane. Most likely the complex is a trimeric structure, consisting of
two RhAG proteins and one RhD or one RhCE protein(18).

D and CE antigens

The RhD protein carries the D antigen and the RhCE protein carries the C or c and
E or e antigens, and therefore these proteins are the main players in the Rh blood-
group system. The RHD and RHCE genes are highly homologous (93.8%), and both
genes consist of 10 exons coding for proteins with a length of 417 amino acids(23). It is
believed that the RH gene was duplicated into RHD and RHCE in primates around 8.5
million years ago(24). They are arranged tail-to-tail on chromosome 1, separated by the
unrelated gene SMP1, and RHD is surrounded by the highly homologues (98%) upstream
and downstream Rhesus box (Figure 1). The Rh polypeptides have intracellular COOH-
and NH2-termini, 12 membrane-spanning domains, 6 exofacial loops and di�er in 35-36
amino acids(25). A schematic organization of the Rh proteins in the cell membrane and
the di�erences in amino acids between RhD and RhCE are shown in Figure 2.

The D-negative phenotype is prevalent in Caucasians (15-17%), but less common in
Black Africans (5%) and Asians (3%)(25). Unequal crossover between both Rhesus boxes
leads to deletion of the RHD gene and is the main cause of the D-negative phenotype in
Caucasians(26). Multiple mutations in the RHD gene give rise to an RHD pseudogene,
which accounts for the Black African D-negative phenotype(27). A large deletion of
1013bp between introns 8 and 9 leads to a very weak RhD antigen expression, sometimes
mistaken as a D-negative phenotype in the Asian population(28). Antibodies against
this antigen can only be revealed by special elution methods, and the antigen is therefore
called DEL.
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D-negativity is not determined by an antithetical 'Rhd' protein but by the absence of
the (immunogenic part of the) RhD protein. Although highly homologous to the RhCE
proteins, the di�erence in 35-36 amino acids determines the immunogenicity of RhD in D-
negative individuals. The RhCE protein expresses either the C or c antigen, depending
on a Ser103Pro amino-acid exchange and three less important amino-acid exchanges
(Cys16Trp, Ile60Leu and Ser68Asn)(29), and either the E or e antigens depending on a
Pro226Ala exchange(30). The RhCE protein expresses therefore four di�erent antigenic
haplotypes: CE, cE, Ce and ce.
Many RH genes can carry point mutations, and because of the proximity and inverse

orientation of the RHD and RHCE genes whole exons can be exchanged, leading to
hybrid RH genes(25). Hybrid RH and mutated RH genes lead to the expression of 49
di�erent Rh antigens on red blood cells, of which the nomenclature is regulated by the In-
ternational Society of Blood Transfusion(31). Mutant RH genes are also the cause of the
expression of variant RhD/RhCE, however, and (very) weakened D-antigen expression
phenotypes(18). Variant RhD/RhCE phenotypes lack or gain one or more epitopes from
the conventional phenotype, which can lead to alloimmunisation. Weak D phenotypes do
not lack any epitopes but are only a quantitative variation in anti-D expression(32). Vari-
ant and weak phenotypes make the Rh blood-group system more complicated, because
they can be typed in a false-positive or false-negative way as a D-negative phenotype,
which could lead to mismatched transfusion and thus might lead to alloimmunisation.
Ethnic variability of the Rh antigens is an extra challenge in our multi-ethnic society. All
Rh phenotypes known to date have been collected and described in the Rhesus database
by Flegel and Wagner (http://www.uni-ulm.de/%7Efwagner/RH/RB/).

Epitope model

Before the genotyping of RH genes, partial D antigens were detected when certain D-
positive individuals developed an anti-D response when transfused with D-positive red
cells(33). The sera of these individuals had di�erent reaction patterns with red cells with
di�erent variant D phenotypes. The expression of multiple epitopes on the D antigen
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Figure 1.1: RH genes on chromosome 1. In the upper panel the gene organization is given as found

in D-positive individuals. Notice the inverted orientation of the RHD and RHCE genes.

In the lower panel the RHD gene deletion is shown after an unequal cross-over between

the upstream and downstream RH BOXES, which is the main reason for the D-negative

haplotype in Caucasians.

Figure 1.2: Rh proteins in the red-cell membrane. The protein exists of 12 transmembrane spanning

domains, intracellular NH2 and COOH termini and 6 exofacial loops. The amino-acid

di�erences between the D and CE polypeptide and the Cc and Ee polymorphisms are

shown.
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was thought to be the cause of this phenomenon. The seven-epitope model was soon
enlarged to 30 epitopes, and the number of epitopes is still growing(34; 35; 36). In fact,
for each newly discovered variant D phenotype, the reaction pro�le can be expanded,
and thus the epitope model could be enlarged with one or more epitopes.

Chang and Siegel de�ned a new model, explaining the D epitopes by analyzing the
genetic relationship of anti-D-speci�c phages with a panel of D variant red cells(37). All
anti-D-speci�c phages had related gene usage, and two phages di�ering in only three
amino acids recognized di�erent epitopes. This 'epitope migration' was the basis of their
model as shown in �gure 3. Their conclusion is that the D epitopes are not spatially
distinct and that anti-D antibodies may undergo epitope migration as a result of somatic
mutation. Because the D epitopes are not spatially distinct, they hypothesized the exis-
tence of one common footprint for all anti-D antibodies. The prevalence of certain anti-D
speci�cities in the immune repertoire may be a function not only of which epitopes an
individual lacks, but of the number of accessible pathways that the individual's immune
system can use to avoid self reactivity.

Almost at the same time, the group of Avent studied the epitope model from another
perspective(38; 39). They generated a series of novel Rh mutant constructs by mutage-
nesis, using an RhcE cDNA as template and mutagenic oligonucleotide primers. These
were expressed in the erythroleukemic cell line K562. D epitope expression was analyzed
by �ow cytometry, and they de�ned at least 6 (spatially) di�erent epitope clusters as
shown in Figure 4. Furthermore, they predicted that the D protein has a width of at
least 50Å, with an average paratope size of only 20− 25Å, arguing against the single
footprint model by Chang and Siegel. Of course, this led to a vehement discussion about
the D-epitope model(40). Due to the discovery of the homology of the Rh proteins with
ammonium transporters (see above), the single footprint model by Chang and Siegel is
probably not limited to one footprint but to six footprints, according to the six-epitope
cluster model by the group of Avent.
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Figure 1.3: Epitope model by Chang and Siegel. Conventional (A) and proposed (B) models for

Rh(D) antigen/antibody binding. Note that the predicted combining sites and genetic

relationships between antibodies di�er between the two models. Adapted from Chang and

Siegel (37).

Immunogenicity of red cell antigens

Antibodies against the ABO blood-group antigens are naturally present in the serum
of individuals negative for the A and/or B blood-group antigen(41). Antibodies formed
against other red-cell antigens are called irregular erythrocyte antibodies, because an
immunizing event has to occur before the antibodies develop in an antigen-negative indi-
vidual. Alloimmunisation against red-blood-cell antigens can occur during mismatched
blood transfusions and after solid organ transplantation. Alloimmunisation can also
occur in pregnancy or during delivery due to Foeto-Maternal Haemorrhage (FMH). Au-
toimmunisation against the D antigen, leading to chronic anaemia, has been found in
patients su�ering from Autoimmune Haemolytic Anaemia(42).

The RhD antigen is the most immunogenic blood-group antigen after A and B, due
to the lack of an antithetical 'Rhd' antigen and the relatively high number of amino-
acid di�erences with RhCE (see above). However, in the 1980s a group of D-negative
Dutch men were deliberately immunized with D-positive blood, and only 50% of them
developed an anti-D immune response (Sanquin Diagnostics, unpublished results). Sim-

7



ilar response rates were found by Eklund(43), although Urbaniak and Robertson(44)
reported a response rate of 93% in D-negative men. In 1969 the prevalence of anti-D
immunisation in D-negative pregnant women carrying a D-positive child was 3.53% in
the Netherlands(45).

In the beginning of the 1960s two groups discovered that the immunisation against
RhD could be prevented by passive administration of anti-D immunoglobulin(46; 47).
Postnatal administration of anti-D was introduced in the Netherlands in 1969, and the
prevalence of RhD immunisation decreased to 0.6%(48). Since 1998 antenatal anti-D is
given in the 30th week of gestation to D-negative pregnant women who have not yet had
a live-born child. The prevalence of anti-D immunisation decreased even further by a
factor 2 (OPZI study, 2007). The presence of antibodies against other red-cell antigens in
pregnant women is far less frequent. The non-anti-D antibodies found at the beginning
of this millennium per 200 000 pregnant women were: anti-E (n=185), anti-K (n=156),
anti-c (n=95), other anti-Rh (n=87), other non-Rh (n=73) and anti-Fya/b (n=45) (OPZI
study, 2007).

Haemolytic Disease of the Foetus and Newborn

Levine and Stetson described a case of 'erythroblastosis foetalis', but nowadays the more
correct term 'Haemolytic Disease of the Foetus and Newborn' (HDFN) is used. This
was they linked to antibody formation against a paternal antigen on the red cells of the
foetus, leading to the discovery of the Rh blood-group system (see above)(6). HDFN
is characterized by the development of maternal antibodies against antigens on foetal
red cells (or their precursors), leading to immune destruction of these cells. Although
the ABO blood-group system is the most important system causing severe transfusion
reactions, this system is only rarely involved in HDFN. The A and B antigens are not
fully developed on foetal red cells, and anti-A and anti-B antibodies are in majority IgM
that cannot cross the placenta and are therefore rarely the cause of HDFN. The most
important red-cell antibodies causing HDFN are anti-D followed by anti-E, anti-K and
anti-c (see above).

The three main features of HDFN are hydrops foetalis, neonatal jaundice and persis-
tent anaemia. However, HDFN comes in di�erent degrees and can range from a mere
presence of irregular erythrocyte antibodies in the mother to a full-blown clinical man-
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ifestation leading to foetal or neonatal death. In the Netherlands, D-negative pregnant
women are screened for the development of anti-red-cell antibodies at di�erent times dur-
ing gestation, and the possible risk for the foetus caused by these antibodies is followed by
antibody-dependent cell-mediated cytotoxicity (ADCC) tests. The most severely a�ected
foetuses present with hydrops, which manifests as generalized oedema, pleural e�usions
and ascites. Myocardial dysfunction due to hypoxemia and hepatosplenomegaly due to
extramedullar erythropoiesis might be the cause of these manifestations. Destruction of
red cells causes the rise of serum levels of bilirubin and the subsequent development of
jaundice directly after birth. In extreme cases high serum levels of bilirubin cause depo-
sition of unconjugated bilirubin in the nuclei of the brain, called kernicterus, manifesting
as severe neurological defects. Neonates su�ering from HDFN may demonstrate persis-
tent anaemia beyond the neonatal period due to antibodies that continue to circulate,
coming from the tissues.

Treatment options depend on clinical symptoms and can consist of phototherapy in
cases of hyperbilirubinaemia or intrauterine blood exchange and several exchange trans-
fusions after birth in more severe cases. The best 'treatment' was found in the 1960s
in the form of preventing the development of HDFN by administration of anti-D an-
tibodies to D-negative women at risk for FMH (e.g. amnio/cordocentesis, abortion or
birth)(46; 47). This prevented D-negative women from developing a primary immune re-
sponse to the RhD antigen and thus prevented the development of HDFN in subsequent
pregnancies.

Humoral immune response

The human immune system consists of an innate immune system, which elicits a quick
unspeci�c response to antigens, and an adaptive immune system, which elicits a slower
but more speci�c response(49). The humoral immune response is part of the adaptive
immune response and comes from the word humour (Greek = χυµoς = juice / �uid),
de�ning it as the defence mechanism present in body �uids. The e�ector molecules of
the humoral immune system are antibodies produced by B lymphocytes that circulate
in plasma and tissue �uids. Antibodies are molecules that consist of a heavy and light
chain, which can either be expressed as B cell receptor (BCR) on the B lymphocyte
membrane or, after stimulation of the BCR by an antigen together with accessory signals,
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be produced in large quantities and excreted. Antibodies bind to the antigen that elicited
their production, leading to destruction of the cell that carries the antigen. This last
process is caused either by complement binding or by uptake by phagocytic cells that
carry receptors for the immunoglobulin tail. In the next sections, B-cell development
and antibody diversity will be discussed.

B-cell development

Haematopoietic Stem Cells in the bone marrow develop via di�erent stages into all dif-
ferent blood cells (Fig.5). One of these stages is the Common Lymphoid Progenitor
(CLP) cell that was shown to have the potential to develop into B, T, NK and den-
dritic cells(50). Later studies indicated that this CLP is mainly committed to B-lineage
development and are now termed early B cells. Recently, the di�erent early stages of
human B-cell development (early B, pro-B, pre-B and immature B cells) were further
staged by gene expression pro�ling(51). B cells are characterized by the rearrangement of
the immunoglobulin gene loci, leading to the expression of immunoglobulin as B-cell re-
ceptors (BCR). The pro-B cells rearrange the heavy chain immunoglobulin locus (IGH)
under in�uence of recombination enzymes(52). The light chain immunoglobulin locus
(IGL or IGK) is rearranged after signalling through this pre-BCR, and then a complete
IgM molecule can be assembled, which is subsequently expressed on the surface of the
immature B cell. The cells that are not auto-reactive will leave the bone marrow, go
into the periphery (blood circulation, spleen, lymph nodes) and additionally express IgD
on their surface. These very naïve B cells are called transitional B cells and can be
di�erentiated from other naïve B cells by the expression of the ATP-binding Cassette B1
transporter(53).

Naïve B cells can di�erentiate either into short-lived low-a�nity-IgM-producing cells,
long-lived plasma cells producing high-a�nity antibodies or into memory B cells(54).
Peripheral B cells are classically divided into naïve cells, expressing IgM and IgD and
carrying unmutated immunoglobulin genes, and memory B cells, expressing isotype-
switched immunoglobulins with somatic hypermutation (explained below). Klein et al.

showed that CD27 can be used as a general marker for somatically mutated memory B
cells(55). Later, these authors described substantial numbers of IgM-expressing memory
B cells(56), which are most likely circulating marginal-zone B cells(57). Fecteau et al.
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described the presence of CD27-negative B cells that express IgG with low-frequency
somatic hypermutations (58). The group of Lanzavecchia was able to divide the IgM-
negative CD27-negative naïve B cell compartment into three groups: transitional B cells
coming from the bone marrow, quiescent naïve B cells and CD27-negative memory B
cells(53). Thus, it appears that the development of B cells from the immature B cell stage
diverges into di�erent directions. Although not completely understood yet, it appears
that these di�erent subsets play di�erent roles in the development and maintenance of
humoral memory(59).

Antibody production and generation of diversity

Antigens can elicit antibody production with or without additional stimuli of helper-T
cells, called T-cell independent (TI) or T-cell dependent (TD) antigens(49)(Fig.5). TI
antigens are often bacterial polysaccharides that express repeating epitopes and thus can
directly crosslink the BCR, resulting in antibody production. TD antigens, like blood-
group antigens, need the help of T cells to induce the proliferation and di�erentiation of
B cells into antibody-producing B cells (plasma cells). This is called the germinal-centre
reaction and occurs in secondary lymphoid tissues like spleen, lymph nodes and Mucosa-
Associated Lymph Tissue. The germinal-centre reaction depends on several factors,
most important being the interaction of the CD40 molecule on the B-cell surface with
the CD40 ligand (CD154) on helper-T cells(60). The B cell internalizes antigen and
presents a peptide from the antigen on its MHC class-II molecule on the cell surface.
T cells that have encountered the same antigen express a rearranged T-cell receptor,
which can bind to the MHC class-II molecule on the B cell. Co-stimulation via CD40-
CD154 induces the production of cytokines in the T cell that stimulate the proliferation
and di�erentiation of the B cells into productive plasma cells or quiescent memory cells.
Subsequently, two main processes invoke the production of high-a�nity antibodies, i.e.
somatic hypermutation (SHM) and class-switch recombination (CSR) (explained below).
The memory-B cells either remain in the secondary lymphoid tissues or re-enter the
circulation, where they can encounter the same antigen again and go into a new cycle of
germinal-centre reaction, thus increasing the a�nity(61).
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An antibody consists of two heavy chains and two light chains and has a Y-shaped
form (Figure 6). Two ends of the molecule are hyper-variable and can bind to an anti-
gen. The third end is a constant region (Fc-tail), which can bind to complement factors
of the innate immune system or to di�erent Fc-receptors on e�ector cells, like mononu-
clear phagocytic cells. Moreover, the Fc-tail determines whether an antibody molecule
assembles as a monomer, dimer, pentamer or hexamer.

The antigen binding site of an immunoglobulin is encoded by recon�guration of several
germ-line genes on di�erent loci (Figure 7). The heavy chain gene locus (IGH) contains
123-129 variable genes (IGHV ), 27 diversity genes (IGHD) and 9 joining genes (IGHJ),
although not all of them are functional(62). In the pre-B-cell stage one gene of each
gene locus is joined to another, called IGHV-D-J gene rearrangement. The joining of
these genes is an imprecise process, leading to deletion or insertion of nucleotides at
the joining regions, which further contributes to the generation of diversity. A large
immunorepertoire of pre-B cells with di�erent primary surface receptors is generated,
which use surrogate light chain molecules for the exspression of these receptors. After a
pre-B cell has been stimulated via its rearranged surface receptor, the light-chain locus
is rearranged in a similar way(63; 64). The light chain gene is built, however, from either
the IGL locus, containing 73-74 IGLV and 7-11 IGLJ genes, or the IGK locus, containing
76 IGKV and 5 IGKJ genes; the stated numbers of genes are not all functional genes.
Thus, a primary diversity of surface IgM is expressed at the immature B-cell stage.

During the germinal-centre reaction, one of the main processes leading to diversity,
called somatic hypermutation, takes place. Point mutations are induced at certain
hotspots in the rearranged IGHV-D-J and IGL-J or IGK-J genes(65). Mutations in
the immunoglobulin gene rearrangements can result in stop codons, which leads to apop-
tosis of the B cell. Other mutations can cause an increase in the a�nity of the B cell for
its antigen, which leads in the end to high-a�nity antibodies.

The Fc-tail of an immunoglobulin is encoded by di�erent constant region genes (di�er-
ent numbers due to duplicates/triplicates in di�erent haplotypes) at the IGH locus(66).
In the germinal-centre reaction the rearranged IGH gene can detach from its Cµ con-
stant region gene (encoding for IgM) and be joined to a down-stream constant region;
Cα, Cγ1, Cγ2, Cγ3, Cγ4, Cδ or Cε; each encoding for Fc-tails with di�erent e�ec-
tor functions. This process is called class-switch recombination and highly depends on
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CD40-CD154 interaction(60). Individuals who lack CD154 su�er from the hyper-IgM
immunode�ciency syndrome(67; 68).

Immunoglobulin-repertoire studies and

recombinant-antibody production

The analysis of the immunoglobulin repertoires in immunized individuals took o� after
the development of the phage-display system in the beginning of the 1990s(69; 70; 71).
In this system the genes encoding the Fab fragments or the variable fragments (scFv-
fragments) of immunoglobulin (Fig. 6), are cloned from the B cells of an individual into
a phage vector. A phage is a virus particle that selectively infects bacterial strains, and
such vectors display the Fab or scFv fragment of an immunoglobulin on one of its surface
proteins. The complete immunoglobulin-gene repertoire of the B cells of any individual
can be cloned into these phages, which is then called a phage-display library. Antigen-
speci�c phages can be selected from such a library by incubating the phage-display library
with an antigen of interest. Washing the (e.g. immobilised) antigen of interest enriches
the library for antigen-speci�c phages. In most cases, several rounds of incubation and
washing are needed before single phages displaying antigen-speci�city can be picked up.
Arti�cial phage-display libraries contain the immunoglobulin B cell repertoires of sev-

eral individuals, or contain certain heavy- or light-chain genes that have been mutated
by site-directed mutagenesis(72; 73). These large phage-display libraries proved to be
e�cient in the search for antigen-speci�c phages that can be used as therapeutic or diag-
nostic agents (e.g. directed against tumour markers). Complete human immunoglobulin
molecules (i.e. with Fc-tail) can be constructed from antigen-speci�c phages by cloning
the Fab- or scFv-fragments into vectors containing the immunoglobulin constant region.
Human immunoglobulins are subsequently produced by mammalian cell lines transfected
with these vectors(74).
Other methods include immortalization of B cells with the Epstein-Barr Virus or the

construction of hybridoma-cell lines by fusion of human B cells with mouse myeloma-cell
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lines. These methods are very labour intensive, however, and are notorious for their
low yield. Higher numbers of B cells can also be generated and analyzed by a less
labour intensive method, i.e. by culturing the B lymphocytes in a CD40-ligand-driven
culture system(75). In this system the germinal-centre reaction, which proliferates and
di�erentiates B cells into antibody-producing B cells, is mimicked in vitro by stimulatory
cytokines (e.g. IL-4 and IL-10) and CD40-ligand alternatives.

Anti-D antibodies

Anti-D antibodies are used as immunoprophylaxis in D-negative pregnant women (see
above). These antibodies are obtained from the plasma of D-negative individuals who
have been deliberately immunized with D-positive blood in order to gain high anti-D
serum titers. Most of the anti-D antibodies have high a�nities and are of the IgG1 and
IgG3 isotypes(76), showing a restricted use of IGHV3 superspecies genes(37; 77; 78; 79).
New methods are being developed to obtain functional monoclonal or polyclonal anti-D
immunoglobulin by recombinant technology, until now without much success(80). The
working mechanism of this anti-D prophylaxis is probably based on the clearance of D-
positive red cells and down-regulation of the anti-D production via the FcγRIIb receptor
on B cells .

Scope of this thesis

The studies in this thesis are meant to extend our understanding of the humoral immune
response against Rh antigens. Anti-D immune repertoires have been studied mainly by
phage display libraries. A great disadvantage of this method is that heavy and light chain
genes are combined at random, and antigen-speci�c phages therefore do not represent
the heavy and light chain combination as present in the actual B cells. We wondered
whether the restricted IGHV3 gene usage in anti-D was also present in naturally occurring
anti-D-speci�c single B cells in hyperimmunized donors. We developed a new method,
combining ex vivo stimulation of single B cells (using T-cell cytokines and murine feeder
cells expressing CD154) and PCR ampli�cation and sequence analysis of immunoglobulin
genes in antigen-speci�c single B cells (Chapter 2).
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Chapter 1

The IGHV3-restricted immune response was also found at the single B-cell level; how-
ever, the anti-D immunoglobulin genes have been studied only in hyperimmunized donors
and in arti�cial immune libraries. Is this restriction also found in the anti-D immune
repertoires of naturally immunized women (by pregnancy)? Moreover, does this restric-
tion extend to other anti-Rh antibodies and con�rm the presence of a single-footprint
model for anti-Rh antibodies? We obtained blood from one pregnant woman producing
anti-C and anti-G antibodies and from another pregnant woman producing anti-e anti-
bodies. Two phage display libraries were constructed from the B cells of these women,
and anti-D immunoglobulin gene usage was analyzed (Chapters 3 and 4, respectively).
Anti-D for immunoprophylaxis is made from the plasma of hyperimmunized anti-D

donors. Around 20% of these donors show, after several years, a declining anti-D titre,
which cannot be raised by boosted immunisations. The restricted gene usage of anti-
D-speci�c B cells might lead to 'immune exhaustion', and therefore we investigated the
anti-D immune repertoire, by phage display, in a hyperimmunized anti-D donor showing
declining anti-D titers (Chapter 5). Most anti-D is of the IgG isotype and is produced
by plasma cells in the bone marrow and spleen. However, we found a remarkably high
frequency of IgM-producing anti-D-speci�c B cells in two hyperimmunized anti-D donors
(Chapter 2). Although not completely understood yet, di�erent peripheral B cell subsets
have been described, playing di�erent roles in the humoral homeostasis.
The production of anti-D antibodies by di�erent B-cell subsets, and in particular the

production of anti-D IgM, was investigated in 5 hyperimmunized anti-D donors by means
of the CD40-ligand-driven culture system (Chapter 6). Although the anti-D immunopro-
phylaxis is given consequently to D-negative pregnant women in the Netherlands, some of
them will still develop an anti-D immune response. On the other hand some D-negative
individuals will not develop anti-D titers at all after (deliberate or natural) immunisation
with D-positive blood. Not all D-negative individuals who had a primary anti-D immune
response will develop high anti-D titers after boosted immunisations. The mechanism
of the anti-D immunoprophylaxis and the di�erence in anti-D immune responses in D-
negative individuals might be based on the same genetic factors in�uencing the humoral
immune response. We postulated three di�erent genetic factors that might be of impor-
tance in the anti-D immune response and analyzed them in various groups of D-negative
individuals displaying di�erent anti-D immune responses (Chapter 7).
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Figure 1.4: Predicted localization of 6 di�erent D-epitope clusters. The model is a plan view of an RhD-

protein monomer, in which each membrane-spanning segment is represented by a circle

(numbered 1 through 12) and each externalized loop as a cross-hatched line (numbered

1 through 6). Cytoplasmically localized loops are represented as black lines. The model

considers that each epitope cluster is no more than 25Å in diameter, based on the fact that

an antibody paratope is of this dimension. It could be anticipated that the diameter of an

RhD protein monomer is larger than 50Å. The locations of the predicted 6 RhD epitope

clusters are indicated by letters A through F, and the D epitopes expressed by each cluster

(1-9 model) is indicated in each panel. Adapted from Liu et al. (38).
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Chapter 1

Figure 1.5: B cell development. B cells originate from stem cells in the bone marrow (left panel)

and di�erentiate into naïve B cells that enter the periphery. When they encounter a

T-cell-independent antigen (TI) they develop directly into antibody-producing cells, al-

though with low a�nity. Naïve B cells can enter the germinal centre, where they undergo

Class Switch Recombination (CSR) and Somatic Hyper Mutations (SHM), leading to ei-

ther antigen-speci�c memory B cells that can re-enter the circulation, or to plasma cells

producing high-a�nity antibodies. A large compartment of non-class-switched memory-B

cells circulates in the periphery (most probably marginal-zone B cells), and their origin has

not been clari�ed yet (indicated by dotted lines).
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Figure 1.6: The Y-shaped form of an immunoglobulin dimer. The heavy chain is depicted in solid

black and grey. The light chain is depicted as white boxes. Note that the light chain here

is shown as a κ light chain. The di�erent functional sites are indicated. The size and

structure of the Fc-tail depends on the constant region gene that is joined to the IGH-VDJ

rearrangement.

Figure 1.7: Immunoglobulin genes. Left half represents the locus representation, numbers indicate the

total number of genes. The right half represents the rearrangement of genes.
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Abstract

The Ig-genes of the heavy chains in anti-D-speci�c hybridomas and Fab/scFv-fragments
selected from phage-display libraries are restricted to a group of closely related genes
(IGHV3s-genes). We analyzed the Ig-gene repertoire in anti-D-speci�c B cells of two
hyperimmunized donors using a completely di�erent method. Single B cells were cul-
tured for 10 days in an EL4.B5 culture system. mRNA from anti-D-producing B cells
was reverse transcribed into cDNA. Heavy- and light-chain gene rearrangements were
ampli�ed by PCR reactions, sequenced and cloned into a pNUT-vector system, thereby
allowing the production of complete IgG and IgM. Eleven anti-D-speci�c B-cell clones
were isolated and analyzed. Eight of these clones (including IgM-producing clones) had
IGHV3s-genes. We demonstrated that functional anti-D-speci�c IgM (4 clones) and IgG
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(2 clones) was produced. Using a new method we analyzed the IGHV -gene repertoire of
anti-D-speci�c B cells of hyperimmunized donors and showed that it is indeed restricted.
Moreover, we found a high frequency (1:100 and 1:500) of anti-D speci�c B cells in the
peripheral B cells of hyperimmunized donors. We suggest that this approach could be
applied for the selection of human mAbs from immunized donors and for the analysis of
Ig-gene repertoires at the single-B cell level.

Introduction

The RhD protein is the most immunogenic antigen of the human red blood cell after
the A and B blood group antigens. RhD-negative women, when pregnant with an RhD-
positive fetus, are at risk of immunization by the RhD protein. The immunizing event,
which mostly takes place during delivery, results in the production of anti-D antibodies
that have detrimental e�ects on RhD-positive fetuses in each subsequent pregnancy.

Various methods have been used to study the humoral anti-D immunorepertoire (1).
One of the �rst anti-D-speci�c IGHV gene analysis has been performed on anti-D sera
and myeloma proteins (2, 3). In these studies Natvig et al. and Forre et al. demonstrated
that IGHV genes in anti-D immunoglobulins seem to be restricted to genes of the so-called
second class. Only three classes were known at that time and all work was performed with
polyclonal anti-D sera. Much more is now known about the gene loci of immunoglobulins
and the division into di�erent families.

Hybridoma technology has been used to produce monoclonal anti-D antibodies that
were useful as in vitro diagnostic reagents. Using Epstein-Barr virus transformation as an
alternative to B cell immortalization, researchers developed monoclonal anti-D antibodies
of IgG isotypes suitable for in vivo application (4). The study of Ig genes of these
cell lines and hybridomas provided insight into the IGHV gene families with speci�city
against RhD (5). However, given its low success rate it does not show in most cases
the anti-D speci�c humoral immunorepertoire within a single individual. More recently,
immunorepertoires have been analyzed more e�ciently by phage-display technology. A
great advantage of this technique is that an increased diversity of fragments can be
generated by shu�ing of heavy and light chains (combinatorial libraries) (6). Human
antibody fragments against a variety of antigens, either Fab-fragments or single chain
variable fragments (scFv), can be selected from these libraries. However, the selected
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fragments do not contain the naturally occurring combinations of heavy and light chains
and therefore do not represent in vivo speci�cities and a�nities. This is illustrated by
the fact that it is possible to change speci�city and a�nity of anti-D-speci�c phages
when shu�ing heavy and light chain genes (7, 8). Shu�ing experiments also showed the
dominant role of the heavy chain in anti-D speci�city, although the importance of the
light chain could not be ruled out (9).

An IGHV gene encodes the largest part of the immunoglobulin heavy chain (containing
all framework regions and 2 of the 3 complementarity-determining regions) (10, 11, 12).
Most IGHV genes of anti-D immunoglobulins, as determined by both hybridoma and
phage-display analysis, are restricted to the closely related genes IGHV3-30, IGHV3-
30.3, IGHV3-30.5, IGHV3-21 and IGHV3-33 genes (>98% homology and referred to
as IGHV3 superspecies genes) (13, 14). These genes were used by 45% of all anti-D
hybridoma cell lines and by 100% of all anti-D speci�c Fab/phage clones as reviewed by
Perera et al. (14). In the non-immunized heavy chain repertoire of human peripheral B
cells only 15.5% of all B cells use these IGHV3s genes (15). The IGLV / IGKV genes
appear to be more diverse, although there is a predominance of the IGKV1D-39 gene.

The present study describes a new method to analyze anti-D-speci�c immunoreper-
toires at the single B cell level and concomitantly provides a means to create recombinant
immunoglobulins, with retention of the original heavy and light chain pairings found in
anti-D-speci�c B cells. Short term culture of single B cells is facilitated in CD40/CD40L
driven systems (16, 17, 18). The EL4.B5 system, which is based on CD40/CD40L inter-
actions, has permitted the characterization of a�nity-isolated single B cells producing
antibodies against U1A protein (19), tetanus toxoid (20) and HLA-A2 (21). Here, single
B cells from hyperimmunized anti-D donors were expanded in the EL4.B5 system and
mRNA was ampli�ed by single cell RT-PCR from the progeny of single B cells producing
anti-D antibodies. The naturally occurring heavy and light chain gene combinations of
the anti-D immunoglobulins were analyzed by automated cycle sequencing. We used the
mRNAs, encoding the naturally paired heavy and light chain genes of single B cells, to
construct vectors which produce recombinant human immunoglobulins after transfection
into Baby Hamster Kidney cells (22).

Our new method permitted the direct analysis of anti-D-speci�c B cells at the single cell
level. The immunorepertoire analysis showed that the IGHV genes of our anti-D-speci�c
single B cells were restricted to genes similar to those described in anti-D hybridomas
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and in anti-D-speci�c phages. Moreover, it was possible to produce recombinant IgM
and IgG with anti-D speci�city from the mRNA of antigen selected single B cells.

Materials and Methods

Donor Material

Two long-term hyperimmunized anti-D plasma donors were asked to donate blood after
informed consent. Donor 1 had been boosted repeatedly since 1993 with RhD-positive
red cells (phenotype R2r, from one single donor). Three months after the last boost,
blood was drawn from donor 1. Donor 2 had been boosted since 1997 with red cells
of the R2r phenotype as well. Blood was drawn from donor 2 at 7.5 months after the
last boost. At the time of blood donation the anti-D titers were 1:1 000 and 1:8 000, for
donor 1 and donor 2, respectively. Mononuclear cell (MNC) fractions were obtained from
the bu�y coats of whole blood donations by Ficoll-Paque (Amersham Biosciences AB,
Uppsala, Sweden) density isolation.

Culture and selection of anti-D-speci�c single B cells

B cells were immunomagnetically isolated by positive selection (Dynal, Oslo, Norway)
and the CD19-positive cells were released from the beads using Detach-a-Bead (Dynal).
This typically yields > 98% pure B cells, as assessed by staining with a FITC-labeled
anti-CD19 mAb (Becton & Dickinson, Mountain View, CA) and �ow cytometric analysis
of lymphocyte gated cells on a FACSCalibur (Becton & Dickinson) equipped with Cel-
lQuest software. B cells were seeded at 0.5-1.0/well and 1 000/well in 96-well �at-bottom
plates that had been preseeded with EL4.B5 cells (50 Gy irradiated, 5x104/well , kindly
provided by Dr.R.Zubler, Geneva) in IMDM with 10% FCS and a T-cell supernatant.
Alternatively, B cells were isolated by negative selection with the B cell isolation kit
of Miltenyi (Bergisch-Gladbach, Germany), which typically yields >93% purity. Subse-
quently, B lymphocytes were labeled with FITC-conjugated anti-CD19 mAb (Sanquin,
Amsterdam, The Netherlands) and positively stained cells were sorted by a MoFlo cell
sorter (Dakocytomation, Glostrup, Denmark) at 1/well in EL4.B5 + T-cell supernatant
preseeded 96-well plates.
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The T-cell supernatant was produced by culturing E-rosette enriched T-cells from a
male donor for 36 h in the presence of 5 µg/ml phytohemagglutinin (Murex, Dartford,
UK) and 10 ng/ml phorbol 12-myristate-13 acetate (Sigma) (23, 24, 25). The plates
were incubated at 37 ◦C in a 5% CO2 humidi�ed atmosphere. To check for culture
e�ciency, proliferation of B cells seeded at 1 000/well was tested for 12 wells on day
6 by overnight incubation with 3H-TdR (1 µCi/well, Amersham Biosciences, Uppsala,
Sweden). Proliferation was considered positive when more then 1 000cpm was measured.

Antibody detection

Supernatants (150 µl) were harvested from wells seeded at 0.5-1.0/well on day 10 and
tested for the presence of agglutinating antibodies. Twentyfive µl of supernatants were
added to 25 µl aliquots of a bromelain treated 3% red blood cell suspension of the R2R2
phenotype. Agglutination was scored for each well. Subsequently, indirect agglutination
was tested by the addition of Coombs' Reagent (Sanquin). Supernatants of wells that
showed agglutination were also tested on red cells of the rr phenotype to determine RhD
speci�city. All red cells used in this study were of the blood group O phenotype. In
addition, the isotypes of agglutination positive supernatants were determined by IgG
and IgM speci�c ELISA as described previously (24).

VH and VL PCR on cDNA

Cells of the supernatants that showed speci�c agglutination were resuspended in 15 µl
of Trizol (Invitrogen, Carlsbad, CA). mRNA was isolated and reverse transcribed into
cDNA. The cDNA reaction was performed in 20 µl and consisted of 20 nmol dNTPs (4 nM
each) (Amersham Biosciences), 1 µg of random primers (Invitrogen), 20U of RNase-Out
(Invitrogen) and 100U of M-MLV Reverse Transcriptase (Invitrogen). The mixture was
incubated for 1 h at 42 ◦C, 3 min at 99 ◦C and cooled directly on ice. Single-cell PCR was
performed according to Ehlich et al. (26) in a modi�ed manner. Brie�y, the �rst PCR
ampli�cation was performed in 3 di�erent reactions on each separate clone, one speci�c
for heavy-chain rearrangements (VH), one for κ light-chain rearrangements (VK) and one
for λ light-chain rearrangements (VL). The forward primer for VH was complementary
to the leader region and the reverse primer was a mixture of primers complementary to
the di�erent joining regions (IGHJ1-NcoI to IGHJ6-NcoI). The forward primers of VK
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and VL were also complementary to their respective leader regions. The reverse primers
were complementary to the κ constant region (IGKC-2) or the λ constant region (IGLC-
2), respectively. For all �rst PCR primers see Table 2.1A. The PCR reaction mixture
consisted of 800 µM dNTPs (200 µM each) (Amersham Biosciences), 300 nM forward and
reverse primer (Invitrogen), 2 mM MgSO4, 1x PWO-polymerase bu�er (Roche, Almere,
The Netherlands) and 1U of PWO polymerase (Roche) in a total volume of 50 µl. All
PCR reactions were performed in 35 cycles (94 ◦C for 40 s, 60 ◦C for 60 s, 72 ◦C for 90 s)
on a 96-Well GeneAmp R© PCR System 9700 (Applied Biosystems, Foster City, CA). PCR
products were analyzed on a 1.5% agarose gel.
A nested PCR ampli�cation was performed on each clone in either 13 (VH and VK)

or 18 (VH and VL) reactions. Individual forward primers were IGHV family-speci�c
(IGHV1-S�I to IGHV7-S�I) and Vκ-speci�c (IGKV1-ApaLI to IGKV6-ApaLI) or Vλ-
speci�c (IGLV1-ApaL1 to IGLV11-ApaL1). The reverse primers for VH were the same
as in the �rst PCR reaction. The VK and VL reverse primers were complementary to the
joining region of either VK (IGKJ1-NotI to IGKJ5-NotI) or VL (IGLJ1-NotI to IGLJ7-
NotI). Nested primers are listed in Table 2.1B. The rest of the PCR reaction mixture was
as described above but performed in 35 cycles with di�erent ampli�cation and extension
times (94 ◦C for 40 s, 60 ◦C for 60 s, 72 ◦C for 60 s). PCR products were analyzed on a
1.5% agarose gel. All primers were purchased from Invitrogen. Primer sequences were
adapted from sequences that were kindly provided by Dr.N.A.Watkins, Department of
Haematology, University of Cambridge, UK.

Table 2.1: Primer sets
A. First PCR reaction primers

Heavy chain forward primers

IGHV1a/7 signal ATGGACTGGACCTGGAGGRTC

IGHV1b signal ATGGACTGGACCTGGAGMATC

IGHV2 signal ATGGACACACTTTGCTMCACRC

IGHV3 signal ATGGAGTTTGGGCTGAGCTGG

IGHV4 signal ATGAAACACCTGTGGTTCTTCC

IGHV5 signal ATGGGGTCAACCGCCATCCT

IGHV6 signal ATGTCTGTCTCCTTCCTCATCT

(continued on next page)
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Primer sets (continued)
Heavy chain reverse primers

Hu-IGHJ1-2 SalI GAGTCATTCTCGTGTCGACACGGTGACCAGGGTGCC

Hu-IGHJ3 SalI GAGTCATTCTCGTGTCGACACGGTGACCATTGTCCC

Hu-IGHJ4-5 SalI GAGTCATTCTCGTGTCGACACGGTGACCAGGGTTCC

Hu-IGHJ6 SalI GAGTCATTCTCGTGTCGACACGGTGACCGTGGTCCC

Kappa light chain forward primers

IGKV1 signal ATGAGGGTCCCYGCTCAGC

IGKV2 signal ATGAGGCTCCCTGCTCAGC

IGKV3a signal ATGGAAACCCCAGCGCAGC

IGKV3b signal ATGGAGGCCCCAGCACAGC

IGKV4 signal ATGGTGTTGCAGACCCAGG

IGKV5 signal ATGGGGTCCCAGGTTCACC

IGKV6a signal ATGTTGCCATCACAACTCATTG

IGKV6b signal ATGGTGTCCCCGTTGCAATTC

Kappa light chain reverse primer

IGKC-2 TTTCAACTGCTCATCAGATGGC

Lambda light chain forward primers

IGLV1a signal ATGGCCTGGTCYCCTCTC

IGLV1b signal ATGGCCRGCTTCCCTCTC

IGLV1c signal ATGACCTGCTCCCCTCTC

IGLV2a signal ATGGCCTGGGCTCTGCTC

IGLV2b signal ATGGCCTGGGCTCTGCTG

IGLV3a signal ATGGCMTGGATCCCTCTM

IGLV3b signal ATGGCATGGGCCACACTC

IGLV3c signal ATGGCCTGGAYCSCTCTC

IGLV4a signal ATGGCCTGGGTCTCCTTC

IGLV4b signal ATGGCCTGGACCCMACTC

IGLV5a signal ATGGCCTGGACTCCTCTT

IGLV5b/7 signal ATGGCCTGGACTCYTCTC

IGLV6 signal ATGGCCTGGGCTCCACTA

IGLV8 signal ATGGCCTGGATGATGCTT

IGLV9 signal ATGGCCTGGGCTCCTCTG

IGLV10 signal ATGCCCTGGGCTCTGCTC

(continued on next page)

31



Primer sets (continued)
Lambda light chain reverse primer

IGLC2 AGTGTGGCCTTGTTGGCTTG

B. Nested PCR reaction primers

Heavy chain forward primers

IGHV1a S�I AACTGCGGCCCAGCCGGCCATGGCCCAGGTKCAGCTGGTGCAG

IGHV1b S�I AACTGCGGCCCAGCCGGCCATGGCCCAGGTCCAGCTTGTGCAG

IGHV1c S�I AACTGCGGCCCAGCCGGCCATGGCCSAGGTCCAGCTGGTACAG

IGHV1d S�I AACTGCGGCCCAGCCGGCCATGGCCCARATGCAGCTGGTGCAG

IGHV2a S�I AACTGCGGCCCAGCCGGCCATGGCCCAGATCACCTTGAAGGAGT

IGHV2b S�I AACTGCGGCCCAGCCGGCCATGGCCCAGGTCACCTTGARGGAG

IGHV3a S�I AACTGCGGCCCAGCCGGCCATGGCCGARGTGCAGCTGGTGGAG

IGHV3b S�I AACTGCGGCCCAGCCGGCCATGGCCCAGGTGCAGCTGGTGGAG

IGHV3c S�I AACTGCGGCCCAGCCGGCCATGGCCGAGGTGCAGCTGTTGGAG

IGHV4a S�I AACTGCGGCCCAGCCGGCCATGGCCCAGSTGCAGCTGCAGGAG

IGHV4b S�I AACTGCGGCCCAGCCGGCCATGGCCCAGGTGCAGCTACAGCAG

IGHV5 S�I AACTGCGGCCCAGCCGGCCATGGCCGARGTGCAGCTGGTGCAG

IGHV6 S�I AACTGCGGCCCAGCCGGCCATGGCCCAGGTACAACTGCAGCAGTC

IGHV7 S�I AACTGCGGCCCAGCCGGCCATGGCCCAGGTSCAGCTGGTGCAA

Kappa light chain forward primers

IGKV1a ApaLI CACAGTGCACTCRACATCCAGATGACCCAG

IGKV1b ApaLI CACAGTGCACTCGMCATCCAGTTGACCCAG

IGKV1c ApaLI CACAGTGCACTCGCCATCCRGATGACCCAG

IGKV1d ApaLI CACAGTGCACTCGTCATCTGGATGACCCAGT

IGKV2a ApaLI CACAGTGCACTCGATATTGTGATGACCCAG

IGKV2b ApaLI CACAGTGCACTCGATRTTGTGATGACTCAG

IGKV3a ApaLI CACAGTGCACTCGAAATTGTGTTGACRCAG

IGKV3b ApaLI CACAGTGCACTCGAAATAGTGATGACGCAG

IGKV3c ApaLI CACAGTGCACTCGAAATTGTAATGACACAG

IGKV4 ApaLI CACAGTGCACTCGACATCGTGATGACCCAG

IGKV5 ApaLI CACAGTGCACTCGAAACGACACTCACGCAG

IGKV6a ApaLI CACAGTGCACTCGAAATTGTGCTGACTCAG

IGKV6b ApaLI CACAGTGCACTCGATGTTGTGATGACACAG

Kappa light chain reverse primers

(continued on next page)
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Primer sets (continued)
IGKJ1 NotI ACTTGCGGCCGCACGTTTGATTTCCACCTTGGTC

IGKJ2 NotI ACTTGCGGCCGCACGTTTGATCTCCAGCTTGGTC

IGKJ3 NotI ACTTGCGGCCGCACGTTTGATATCCACTTTGGTC

IGKJ4 NotI ACTTGCGGCCGCACGTTTGATCTCCACCTTGGTC

IGKJ5 NotI ACTTGCGGCCGCACGTTTAATCTCCAGTCGTGTC

Lambda light chain forward primers

IGLV1a ApaLI CACAGTGCACTCCAGTCTGTGCTGACTCAG

IGLV1b ApaLI CACAGTGCACTCCAGTCTGTGYTGACGCAG

IGLV1c ApaLI CACAGTGCACTCCAGTCTGTCGTGACGCAG

IGLV2 ApaLI CACAGTGCACTCCAGTCTGCCCTGACTCAG

IGLV3a ApaLI CACAGTGCACTCTCCTATGWGCTGACTCAG

IGLV3b ApaLI CACAGTGCACTCTCCTATGAGCTGACACAG

IGLV3c ApaLI CACAGTGCACTCTCTTCTGAGCTGACTCAG

IGLV3d ApaLI CACAGTGCACTCTCCTATGAGCTGATGCAG

IGLV4 ApaLI CACAGTGCACTCCAGCYTGTGCTGACTCAA

IGLV5 ApaLI CACAGTGCACTCCAGSCTGTGCTGACTCAG

IGLV6 ApaLI CACAGTGCACTCAATTTTATGCTGACTCAG

IGLV7 ApaLI CACAGTGCACTCCAGRCTGTGGTGACTCAG

IGLV8 ApaLI CACAGTGCACTCCAGACTGTGGTGACCCAG

IGLV9 ApaLI CACAGTGCACTCCWGCCTGTGCTGACTCAG

IGLV10 ApaLI CACAGTGCACTCCAGGCAGGGCTGACTCAG

IGLV11 ApaLI CACAGTGCACTCCTGCAGGTTCCCTCTCCC

Lambda light chain reverse primers

IGLJ1 NotI ACTTGCGGCCGCACCTAGGACGGTGACCTTGGT

IGLJ2-3 NotI ACTTGCGGCCGCACCTAGGACGGTCAGCTTGGT

IGLJ7 NotI ACTTGCGGCCGCACCGAGGACGGTCAGCTGGGT

C. Phagemid primers

LMB3 CAGGAAACAGCTATGAC

pHENseq CTATGCGGCCCCATTCA

The restriction sites are underlined
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Nucleotide sequence analysis

Nested PCR products were cycle sequenced with their respective family-speci�c primer
sets and a Big Dye Terminator R© mix (Applied Biosystems). The sequence reaction was
performed on a 96-Well GeneAmp R© PCR System 9700 (Applied Biosystems) and the
sequence products were analyzed on an ABI-PRISM 377, automated DNA sequencer
(Applied Biosystems). The most homologous germline genes were assigned using the
ImMunoGeneTics database (http://www.imgt.cines.fr).

Production of recombinant IgM and IgG

Complete IgM and IgG molecules were created according to Boel et al. (22). Brie�y,
restriction sites and a splice donor site were introduced into the PCR products of VH,
VK and VL products by PCR ampli�cation with primer sets as published by Boel et
al. (22). VH products were digested with NcoI and SacI restriction enzymes, VL/VK
products were digested with SacI and NotI restriction enzymes and ligated independently
into a pLEADER vector. The inserted products were thus fused to a leader sequence.
All fusion products were digested from the pLEADER vector by the restriction enzymes
BamHI and NotI. The VH fusion products were ligated into a pNUT vector containing
either the µ constant region or the γ constant region. The VK/VL fusion products were
cloned into a pNUT vector containing the γ constant region. Inserts were checked for
inadvertently introduced mutations by sequence analysis. The calcium-phosphate trans-
fection kit (Invitrogen) was used according to the manufacturer's manual to co-transfect
one pNUT vector containing a VH fusion product and one pNUT vector containing a
VK/VL fusion product into Baby Hamster Kidney cells containing the furin gene (fur-
BHK), kindly provided by and performed by Dr. Ph. de Groot (University of Utrecht,
The Netherlands). These cells were grown in DMEM/F12 medium (Invitrogen) in 6-well
cell culture clusters (Corning Incorporated, Corning, NY). After 3 days the cells were
transferred to Nunclon F25 culture �asks (Nalgene Nunc, Rochester, NY) and 100 µM
methotrexate (Sigma) was added for selective growth. After another 7 to 10 days, sur-
viving cells were diluted in selective medium to 10, 5 and 1 cell per well into Nunclon
96-well culture plates (Nalgene Nunc). Another 10 days later, the supernatants from
wells showing growth of fur-BHK cells were tested for IgM or IgG production by ELISA.
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Recombinant IgM- and IgG-speci�c Enzyme-Linked

Immuno-Sorbent Assay

A modi�ed ELISA was performed to detect recombinant IgG and IgM in the culture su-
pernatants of the transfected cell lines (24). Brie�y, ELISA plates were coated overnight
at room temperature with either Rabbit-anti-Human-IgM (DakoCytomation, Heverlee,
Belgium) or Mouse-anti-Human-IgG (Sanquin) diluted in coating bu�er (0.1 M Na2CO3,
0.1 M NaHCO3, pH=9.6). Then, sample or standard (N/T Protein Control SL/H human
solution (DADE Behring, Liederbach, Germany) diluted in culture medium was added.
As all recombinant immunoglobulins contained κ light chains, a mouse anti-human Cκ
HRP-labeled mAb (Sanquin), was used for development. Substrate (tetramethylbenzi-
dine in dimethylsulfoxide) was added, and the colorimetric reaction was stopped after
15 min with 2 M H2SO4. All washing steps were carried out in triplicate with PBS con-
taining 0.05% Tween20. Absorbance values were measured on an Anthos-HTII plate
reader at 450 nm (Anthos, Salzburg, Austria).

Determination of RhD speci�city of scFv, IgM and IgG by

agglutination

We used bromelain-treated and -untreated red cells: R1r (Sanquin-donor code 861),
R1R1 (760), R1R1 (949), R2R2 (915), r''r (901), rr (903), r'r (907) and rr (923). Culture
supernatants from transfected fur-BHK cell lines containing IgM were directly added
to equal volumes of 3% red cell suspensions that were either bromelain treated or un-
treated. Culture supernatants containing IgG were incubated with equal volumes of 3%
red cell suspensions that were not bromelain treated. Coombs' reagent (polyclonal and
monoclonal) (Sanquin) was added to the IgG-primed red cells to check for indirect ag-
glutination. Agglutination was determined in glass tubes and in Diamed gel-�ltration
cards (Diamed AG, Cressier sur Morat, Switzerland).

35



Results

Selection of anti-D speci�c B cells

To identify the rearranged Ig genes of B cells expressing Ig molecules with anti-D speci-
�city, single B-cell cultures were set up in the EL4.B5 system, twice from the peripheral
B lymphocytes of donor 1 using MoFlo sorted cells and once from the peripheral B lym-
phocytes of donor 2, using directly seeded cells. Proliferation of B-cells was good in all
experiments as evidenced by 3H-TdR incorporation (all measurements were >1 000cpm;
data not shown). The maturation into Ig-producing cells was also e�cient, since on av-
erage 50% of the wells contained immunoglobulin. Anti-D-speci�c direct-agglutinating
supernatants were detected in 3 of 1 500 wells, in 5 of 3 840 wells and in 3 of 2 156
wells, respectively. The addition of Coombs' Reagent did not yield any additional anti-D
antibody-containing supernatants. The B-cell clones from these wells were assigned the
names 1A8, 4A9 and 13D12 for the clones of the �rst selection from donor 1 and 2C7,
3A3, 5H1, 7G11 and 11C3 for the clones of the second selection. The clones from donor
2 were designated 8B8, 19A10 and 22G11. IgM and IgG ELISA reactions, performed on
all supernatants of these clones, indicated that they were all of the IgM isotype, except
the clones 5H1 and 7G11, which were of the IgG isotype, and 19A10 was positive in both
the IgM and IgG ELISA (Table 2.2). In ongoing studies we have shown that it is possible
to produce anti-D speci�c IgG from selected CD27+ IgG+ B cells in this system. This
indicates that there is a preference for the detection of non class-switched B cells.

Nucleotide sequence analysis of rearranged variable gene segments

of B cells with anti-D speci�city

The nucleotide sequence of the variable regions of the 11 anti-D antibodies was detected
by nested PCR ampli�cation of rearranged VH and VL gene segments. Agarose-gel
analysis of the �rst PCR products of these clones showed VH products for all clones, VL
products for 6 clones and VK products for 5 clones. These �rst PCR products were again
ampli�ed with several nested PCR primersets, speci�c for each IGHV or IGLV / IGKV
family genes. It was expected that only one speci�c primerset would lead to a nested
PCR product. However, some clones showed nested PCR products for more than one
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Table 2.2: Isotypes and VDJ-rearrangements of selected single B cells

Clone Isotype Heavy Chain Light Chain

Donor 1

1A8 IgM IGHV4-39 IGHD3-3 IGHJ3 IGLV9-49 IGLJ3

4A9 IgM IGHV3-30 IGHD3-10 IGHJ6 IGKV3-11 IGKJ1

13D12 IgM IGHV3-33 IGHD3-10 IGHJ6 IGLV3-19 IGLJ3

2C7 IgM IGHV3-30-3 IGHD2-15 IGHJ4 IGKV1-5 IGKJ1

3A3 IgM IGHV3-33 IGHD1-7 IGHJ4 IGKV1-5 IGKJ1

5H1 IgG IGHV3-30 IGHD6-13 IGHJ4 IGLV1-51 IGLJ3

7G11 IgG IGHV1-18 IGHD3-10 IGHJ4 IGKV1D-39 IGKJ2

11C3 IgM IGHV3-30 IGHD3-3 IGHJ4 IGLV1-51 IGLJ3

Donor 2

8B8 IgM IGHV1-8 IGHD2-2 IGHJ5 IGLV1-51 IGLJ1

19A10 IgG/M IGHV3-30 IGHD1-1 IGHJ6 IGKV1D-39 IGKJ1

22G11 IgM IGHV3-30 IGHD3-22 IGHJ4 IGLV3-19 IGLJ3

primerset, but sequencing of all nested PCR products showed that this was due to some
cross annealing within the IGHV and within the IGLV / IGKV family-speci�c primers.

Nucleotide sequences were analyzed in the IMGT database of human germline genes
(www.imgt.cines.fr) (Table 2.2). The IGHV3s genes, the IGHD3-10 gene and the
IGHJ4 gene were the predominant genes for the heavy chains of our 11 clones. The light
chains made use of a more diverse set of IGKV / IGKJ and IGLV / IGLJ genes. The
somatic hypermutations (SHM) of the variable genes were analyzed with the applet of
Lossos et al. (27) (Table 2.3). Although clone 1A8 had a relative high number of SHM it
was not a signi�cantly antigen-driven change. Most clones of donor 1, including the IgG
clones 5H1 and 7G11, were close to germline and the SHM did not indicate that there
was any antigen-driven selection. The P-values showed that the SHM of the light chains
of clones 3A3, 5H1 and 19A10 and of the heavy chains of two of the three clones of donor
2 (8B8 and 19A10) were signi�cantly antigen-driven. However, the numbers of mutations
are low in most clones and many studies have identi�ed mutational hotspots that are
independent of antigen selection (28). Furthermore, these small numbers of mutations
can have a big impact on antigen speci�city and a�nity.
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Table 2.4: Production of recombinant IgG and IgM con�rmed by isotype-speci�c ELISA and agglu-

tination. Recombinant proteins were produced, as described in Materials and methods, in

fur-BHK cells after transfection with pNUT vectors. (In)direct agglutination was performed

with bromelain-(un)treated red cells.

Clone ELISA RhD speci�c agglutination

IgM IgG IgM IgG

Donor 1

4A9 POS POS POS POS

3A3 POS POS

7G11 POS POS NEG NEG

Donor 2

19A10 POS POS POS POS

22G11 NEG NEG

RhD-speci�c agglutination of red cells by recombinant IgM and IgG

To produce complete IgG and IgM antibodies, heavy and light chain pNUT constructs
containing the µ or γ constant regions and the variable heavy and light chains of �ve B
cell clones were co-transfected into fur-BHK cells. The production of IgG and/or IgM
was determined by corresponding isotype-speci�c ELISA. We succeeded in producing
IgG and/or IgM from four out of �ve clones (Table 2.4). The transfectant cell line made
of clone 22G11 failed to produce recombinant immunoglobulins as con�rmed by the IgM-
speci�c ELISA. Analysis with the genscan software (http://genes.mit.edu/GENSCAN.
html) predicted normal splicing of the splice donor site in this clone. However, RT-PCR
and sequence analysis showed, for unknown reasons, aberrant splicing. This resulted
in the loss of parts of the heavy chain, which explains the absence of immunoglobulin.
Clones 4A9, 7G11 and 19A10 produced both IgG and IgM. Clone 3A3 was only made as
an IgM-producing cell line. The IgG and IgM made from clone 7G11 did not react with
any red cell. All other recombinant immunoglobulins were anti-D speci�c.
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Discussion

The humoral anti-D immunorepertoire has been studied in anti-D-hyperimmunized donors
in many hybridoma cell lines and combinatorial phage-display libraries (5, 13, 8, 14).
These studies have shown that the IGHV genes in immunoglobulin structures with anti-
D speci�city are restricted to the IGHV3s family.

We now describe a novel method to analyze immunorepertoires by studying single B
lymphocytes and to create cell lines producing recombinant monoclonal IgG and/or IgM.
The proliferation and total Ig secretion of B-cells were monitored by 3H-TdR incorpora-
tion and immunoglobulin-isotype-speci�c ELISA, which showed su�ciently high values,
warranting the conclusion that the multiple anti-D producing B cells established in our
system represent the anti-D immunorepertoire in the peripheral B cells of the donor.
Remarkably, very high frequencies of anti-D speci�c B-cells were found; 1 in 100 and
1 in 530 for donor 1 and donor 2, respectively. These frequencies were calculated from
the frequency of wells with anti-RhD speci�city after adjustment for the ratio of wells
producing immunoglobulins. These high frequencies might be caused by the hyperimmu-
nized status of the donors, but it should be noted that there was a long period between
the last boost and bleeding (3 and 7.5 months respectively). In comparison, Weitkamp
et al. (29), who used a similar approach for identifying single anti-Rotavirus-speci�c B
cells, found frequencies of only 1 in 1000-10 000.

A preponderance of IgM-producing clones was found (8 of 11), which could either be
naïve or non-class-switched B cells. The analysis of SHM in donor 1 did not show any
antigen-driven changes in the IGHV genes. The PFR and PCDR values of clones 3A3
and 5H1, although signi�cant, cannot be explained by antigen-driven changes because
the SHM were too low in number. These mutations can be explained by changes in the
mutational hotspots which can lead to changes in antigen-speci�city and a�nity of these
clones (28). This underscores the naivety of the anti-D-speci�c B cells in this donor. Two
of three clones in donor 2 clearly contained antigen-driven changes (8B8 and 19A10) and
the number of mutations (34 and 12 respectively) cannot be explained by mutations in
mutational hotspots only. Moreover, clone 19A10 was positive in both the IgG and IgM
ELISA, which might indicate a transition state between naïve and memory B cells. It
is not likely that two di�erent cells were present in the selected well because only one
clear PCR product was obtained. Furthermore, it can explain the high a�nity of the

40



Chapter 2

recombinant IgM produced by this clone (data not shown). In hyperimmunized donors
hardly any IgM anti-D is produced. Nevertheless, we show in this study a high frequency
of circulating IgM expressing RhD-speci�c B cells. This could not have been a bias of the
system because it was possible to produce anti-D speci�c IgG from selected IgG+ CD27+

B cells using the same method (data not shown). The relative frequency of RhD-speci�c
B cells in IgG+ CD27+ B cells was found to be higher (manuscript in preparation) but,
as most of the circulating B cells were IgM+, the absolute number of IgM+ RhD-speci�c
B cells was much higher and was therefore preferentially detected in our system.

All anti-D IgM described so far, made use of the IGHV4-34 and IGLV3-19 germline
genes. To the best of our knowledge, this is the �rst time that it has been shown that
anti-D-speci�c IgM-producing clones also use IGHV3s genes. Only two clones (5H1 and
22G11) use the IGLV3-19 gene. Overall, 8 of our 11 clones (73%) use IGHV3s genes,
which is more than the 45% that has been found in hybridoma cell lines (14) and which is
signi�cantly more then the 15.5% as has been described in the non-immunized peripheral
B cell repertoire (15). The use of light chain genes did not show any restriction to a certain
family. A possible explanation for the diverse light chain use is that the light chains are
less important for binding to RhD. Indeed it is now known that VH or VK domains
can be solely responsible for antigen binding (30). We conclude that naturally occurring
anti-D immunorepertoires are also restricted to IGHV3s genes and have a more diverse
use of light chain genes.

Complete Ig molecules were made from 4 clones in order to prove that the selected
single-sorted B cells had anti-D speci�city. The production of recombinant human IgG
and IgM from phagemids has been documented by Boel et al. (22). We produced seven
transfectant fur-BHK cell lines from four single B-cell clones. These cell lines expressed
either IgG (3 clones) or IgM (4 clones), as con�rmed by IgG- and IgM-speci�c ELISA
(Table 2.4). Five of these transfectants showed anti-D-speci�c agglutination. Both the
recombinant IgG and IgM of clone 7G11 were negative by agglutination, so we cannot
conclude with certainty that the original B-cell had anti-D speci�city. Remarkably, this
is one of the three clones containing a variable gene not belonging to the IGHV3s family.
Although clone 4A9 produced IgM antibodies in the B-cell cultures, the recombinant IgG
antibody from this clone was also able to agglutinate red cells. The successful production
of recombinant IgM anti-D antibodies by this approach might have application in the
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development of new serological immune reagents. Production of monoclonal antibodies
following this route is not con�ned to RhD.

Perera et al. (14) have made a comparison of IGHV genes in hybridoma IgG/IgM
anti-D and in anti-D-speci�c phages. They concluded that all IGHV genes from phage-
display-derived anti-D are IGHV3s genes, whereas only 45% of the IGHV genes in anti-D-
speci�c hybridoma cell lines are IGHV3s genes. The IGKV genes seem to be restricted
to the IGKV1D-39 gene, and no restriction was found for the IGLV genes. The hy-
bridoma cell line technique is not optimal for immunorepertoire studies considering its
low immortalization e�ciency. A major limitation is the establishment of transformed
lymphoblastoid cell lines (LCL). Melamed et al. (31) have shown that the probability of
obtaining suitable LCLs is dependent on the interval between boost and B-cell collection.
A period of two to four weeks post-boost appeared to be optimal. This implies that the
B cells that ideally can be transformed are the recently stimulated B cells, presumably
circulating memory B cells. Hybridoma IgG/IgM anti-D cell lines that have been studied
thus far, were derived from 23 di�erent donors.

The anti-D immunorepertoire in phage-display libraries has been studied by two groups.
Each group constructed and analyzed one library from the MNCs of one hyperimmunized
anti-D donor (13, 8). An extreme restriction to the IGHV3s genes in anti-D was found
in both studies, which cannot be due to the selection method because di�erent methods
were used. A more likely reason is that in phage-display libraries the original heavy
and light chain combinations are broken. The probability of rejoining a heavy chain
with its light chain, as present in the original B cell, is low. For example, if the start-
ing material contains 1x106 B cells, the phage-display library must consist of more than
1x1012 phages to have one phage representing the in-vivo situation. Even when using
an e�cient construction method (32), most libraries are not larger than 1x109 di�erent
phages. Furthermore, shu�ing of light chains can increase but also decrease a�nity and
change the speci�city of phages (7, 33). Only those heavy and light chain combinations
with su�cient a�nity to RhD will be selected and can thus not represent the anti-D
immunorepertoire in hyperimmunized donors. Nevertheless, the results of Chang and
Siegel (13) and Miescher et al. (8) still implies an important role for IGHV3s genes in
anti-D antibodies.

In this study we have applied a di�erent technology to analyze the anti-D immunoreper-
toire at the single-B cell level. We show that the direct selection and analysis of single
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antigen-speci�c B cells is a more precise method of analyzing the humoral immune re-
sponse in peripheral B cells than using the phage display technology. Still, the naturally
occurring pairs of heavy and light chains in single anti-D-speci�c B cells are transcribed
from similar IGHV genes as published by other groups. Moreover, we show that the
frequency of anti-D speci�c B cells in hyperimmunized donors is at least 10 times higher
than the frequency of B cells with other antigen speci�cities in immunized persons. These
results suggest that, at least in hyperimmunized donors, the immune response to the RhD
antigen is indeed genetically restricted and represents a large part of the peripheral hu-
moral immune response. Furthermore, we have shown that this new method can be
applied successfully for the selection and production of human monoclonal IgG and/or
IgM from antigen-selected single B cells derived from immunized donors.
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3 The restricted use of IGHV3

superspecies genes in anti-Rh is

not limited to hyperimmunized

anti-D donors

S.E. Dohmen, O.J.H.M. Verhagen, J. Muit, P.C. Ligthart, C.E. van der Schoot

Transfusion, 46(12):2162�2168, 2006

Abstract

Antibodies produced against the D antigen make use of IGHV genes restricted to the
IGHV3 superfamily. These �ndings are based on the IGHV gene analysis in anti-D
producing B cells from hyperimmunized donors, however, and therefore the restriction
might be due to the hyperimmunization. In this study the IGHV gene usage of anti-Rh-
producing B cells in a woman who was immunized in the last trimester of her pregnancy
was analyzed. Serologic analysis was performed by absorption and elution. Antibody
dependent cellular cytotoxicity (ADCC) of the di�erent anti-Rh was determined. A
phage display library was constructed from 2.2x106 isolated B cells and pannings were
performed with red cells of the r'r, R1R1 and R2R2 phenotype. A plasma sample of the
immunized person showed high levels of both anti-D and anti-G and low levels of anti-
C. Anti-D and anti-G contributed equally strong to the ADCC whereas anti-C did not.
Eighteen anti-D, 5 anti-G and 1 anti-C speci�c phage clones were found of which 16, 2
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and 1 used the IGHV3s genes, respectively. For the �rst time a restriction to the IGHV3s
genes in anti-D in a naturally immunized pregnant woman is shown. Moreover, the use
of IGHV3s genes appears to be present in anti-C and anti-G as well. Therefore, it is
concluded that restricted IGHV3s gene usage in anti-D is not due to hyperimmunization
but due to characteristics of the Rh antigens and the intrinsic binding capacities of
IGHV3s genes, supporting the common Rh footprint hypothesis.

Introduction

Contact with the D antigen, the most immunogenic antigen of the Rh blood group
system, can lead to the formation of anti-D. Hemolytic Disease of the Fetus and Newborn
(HDFN) is caused by anti-D in D-negative pregnant women in 90 to 95% of all cases
(Issitt and Anstee) (1). The incidence of severe HDFN caused by non-D irregular red cell
(RBC) antibodies in the Netherlands is 2.1 percent (unpublished data of the OPZI-study,
detection and prevention of pregnancy immunization in the Netherlands by Koelewijn
et al.). The majority of these non-D antibodies were formed against other antigens of
the Rh blood group system E (29.9%), c (13.0%), C (3,3%) and e (1,5%) and against
the Kell-antigen (22.0%). Furthermore, anti-Rh can be formed against a shared epitope
on the RhD, RhCE and RhCe proteins on which a serine molecule at position 103 is
the main constituent (2). The antibodies formed are called anti-G and these antibodies
are in many cases of HDFN masked by or misinterpreted as being anti-C and anti-D
(3, 4, 5, 6, 7).

The genetic basis of the anti-D immune response has been evaluated by many groups
in heterohybridomas (8, 9), Epstein-Barr virus-transformed cell-lines (8, 9), single B-cells
(10) and phage display libraries (11, 12, 13), all derived from hyperimmunized donors.
It has been shown that genes coding for the variable part of the heavy chains in anti-D
immunoglobulins are, at least in these hyperimmunized donors, mainly restricted to the
IGHV genes IGHV3-30, IGHV3-30.3, IGHV3.30-5 and IGHV3-33 which are called the
IGHV3 superspecies (IGHV3s) genes (9, 11). It is not known whether this restriction is
due to selection during the maturation of the immune response or whether it is already
present in the early immune response.

Therefore, we analyzed the genetic basis of the anti-Rh response in a person who was
recently naturally (re)immunized against D, possibly representing a suppressed secondary
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immune response. We constructed and analyzed a phage display library from B cells
obtained from a woman who had given birth to a child that was su�ering from moderate
HDFN due to anti-D but who had no detectable anti-D at Week32 of gestation. Indeed,
88% of the selected anti-D speci�c phages made use of the IGHV3s genes indicating that
the restricted immune response is not only found after hyperimmunization, but is already
found in the immune response in a non-hyperimmunized person.

Because this woman had also formed anti-C and anti-G, it was also possible to study
for the �rst time the IGHV gene usage of these antibodies. Interestingly, we showed that
the one anti-C clone and two of �ve anti-G clones also use the IGHV3s genes. Boucher
et al. (8) already showed that RBC antibodies have a preference for cationic germline
(IGHV ) genes. Similar, IGHV3s germline genes might have an intrinsic binding a�nity
to Rh antigens. The �ndings in the present study are a contribution to the hypothesis
of a common Rh footprint (11, 14, 15, 16) and the hypothesis of an intrinsic anti-Rh
speci�city of IGHV3s germline genes.

Materials and methods

Serologic analysis of peripheral blood

Peripheral blood (40 ml ethylenediaminetetraacetate [EDTA]) was obtained with in-
formed consent from a D-negative woman (rr) who had given birth to her second child, 4
weeks after delivery. She had been pregnant twice before. The �rst pregnancy ended in
a spontaneous abortion and the second time she delivered at term a healthy D-positive
child (R1r). During both pregnancies she was screened for irregular RBC antibodies that
were not detected. Anti-D immunoglobulin was given intravenously after each pregnancy.
In her third pregnancy she was screened at the 12th and 32nd weeks of gestation and still
no RBC antibodies were discovered. The woman gave birth at term to a D positive child
(R1r). By this time, however, anti-D and anti-C were discovered in both mother and
child of whom the latter showed clinical signs of hemolysis.

Plasma was taken from the 40 ml of EDTA blood to perform absorption and elution
tests to check for the presence of anti-G. Absorption and elution were performed as de-
scribed by Issitt and Anstee (1). The presence of anti-C was determined after absorption
of the serum to RBCs with the R2R2 phenotype. The presence of anti-D was deter-
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mined after absorption of the serum to RBCs with the r'r phenotype. The presence of
anti-G was determined after elution of RBCs with the R2R2 or r'r phenotype, which had
been incubated with the plasma of the patient. Antibody dependent cellular cytotoxicity
(ADCC) was performed according to Engelfriet et al. (17) with RBCs of the R1R1 and
R2R2 phenotype before as well as after absorption of the plasma with RBCs of the r'r,
R2R2 and rr phenotype.

Construction of Phage-Display Libraries (PDL)

We isolated 3.0x107 mononuclear cells (MNC) from the blood with Ficoll-Paque (Amer-
sham Biosciences AB, Uppsala, Sweden). A CD19+ isolation kit from Miltenyi (Bergisch
Gladbach, Germany) was used according to the manufacturer's manual to isolate B cells
from the MNCs. B cells were put in Trizol (Invitrogen, Breda, The Netherlands) and
kept at −80 ◦C.
A single-chain-Fv Phage-Display Library was constructed using mRNA of 2.2x106 CD19+

B cells. All isolated mRNA was reverse transcribed to cDNA. Rearranged immunoglobu-
lin genes were PCR ampli�ed from the cDNA with forward primers speci�c to the leader
region of all IGHV - and IGL/KV -genes and reverse primers speci�c to the constant re-
gions of the IgG1 and IgG3 subclasses and the constant regions of all light chains. Nested
PCR procedures were performed with restriction site-containing primers. Heavy chain
PCR products were digested with restriction enzymes Xho1 and Sal1 and light chain
PCR products with Not1 and ApaL1. Digested products were ligated into a pHEN2
phagemid which was digested correspondingly. Phagemids were electroporated into com-
petent Escherichia coli bacteria of the TG1 strain (Stratagene, La Jolla, CA) and plated
onto agar plates containing a trypton and yeast-extract (2TY) medium and ampicillin
at 100 µg/ml. PCR ampli�cation was performed with phagemid-speci�c primers (LMB3
and pHENseq) on colony forming units (CFU) to check for correct inserts. Bacteria were
scraped o� from the plates and frozen in aliquots at −80 ◦C.

Panning of the Phage Display Library

From the aliquots of the library, 109 bacteria were grown to an OD600nm of 0.5 in ampicillin-
containing 2TY-medium. A 20-fold excess of VCS-M13 helper-phage (Stratagene) was
added to the growing culture. Infected bacteria were grown overnight at 30 ◦C in 2TY
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medium containing ampicillin (100 µg/ml) and kanamycin (25 µg/ml). Phages expressing
single-chain variable fragments (scFv) were thus produced and excreted into the super-
natant. Phages were puri�ed and concentrated from the supernatants by polyethylene
glycol precipitation and resuspended in phosphate-bu�ered saline (PBS) with 1% bovine
serum albumin. These phage suspensions had a typical yield of 1012 plaque-forming units.
Phage suspensions were diluted 10 times into PBS and added to a 10% bromelain-

treated RBC suspension (18) of the R1R1, R2R2 and r'r phenotypes at a 1-to-10 ratio.
These RBCs can bind phages with speci�cities against D, C or G as detected in mother
and child. Phage suspensions and RBCs were incubated for at least 3 hours at 4 ◦C.
RBCs were washed at least 10 times with ice-cold PBS. Phages were resolved from the
RBC membrane by lysis of the RBCs with distilled water. The lysate was added to a
log-growing culture of TG1 E.coli bacteria for 30 minutes at 37 ◦C. Bacteria were plated
onto ampicillin-containing 2TY-agar plates and incubated overnight at 37 ◦C. Bacteria
were scraped o� from the plates and aliquots were stored at −80 ◦C. Subsequent panning
rounds were performed with RBCs of the same phenotype as used in the previous panning.

Production of soluble scFv-fragments

After each panning round, except after the �rst panning round, clones were checked for
antigen-speci�city. Each clone was grown to an OD600nm of greater than 0.8 and stimu-
lated with isopropyl-β-D-thiogalactopyranoside (Invitrogen) to produce soluble scFv that
contain the c-myc tag and can thus be dimerized with the monoclonal anti-c-myc 9E10.
These scFv-9E10 conjugates were used to determine the Rh speci�city of the scFv by
agglutination assay of RBCs of di�erent Rh phenotypes (R1R1, R2R2, R1r, rr, r'r and
r''r).

Sequence analysis

Immunoglobulin genes were PCR ampli�ed from single CFUs as described above. PCR
products were puri�ed with a puri�cation kit according to the manufacturer's instruc-
tions (Qiagen, Hilden, Germany). PCR products were cycle sequenced with the same
phagemid-speci�c primers and reagent mix (BigDye Terminator mixture, Applied Biosys-
tems, Foster City, CA). The sequence reaction was performed on a 96-Well PCR system
(GeneAmp 9700, Applied Biosystems), and the sequence products were analyzed on a
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genetic analyzer (ABI PRISM 3100, Applied Biosystems). Nucleotide and amino acid
analyses and alignments were carried out with computer software (Vector NTI 8.0 , In-
vitrogen). We used the ImMunoGeneTics (19) database (http://www.imgt.cines.fr)
to assign the most homologous germline genes.

Results

Serologic analysis of peripheral blood

Plasma, obtained from a D-negative mother 4 weeks after delivery of a D-positive child
who showed clinical signs of hemolysis, was analyzed for anti-Rh. The plasma sample
reacted with RBCs carrying the D and / or the C antigen only. This suggests the presence
of anti-D and anti-C, although this reaction pattern can also be caused by the presence of
anti-G alone. Therefore, absorption and elution tests were performed with RBCs of the
r'r, R2R2 and rr phenotype and agglutination was scored with RBCs of the r'r', R2R2
and rr (negative control) phenotype. After absorption with rr RBCs the plasma sample
reacted still strongly (4+) with both r'r' and R2R2 RBCs (Table 3.1). Absorption with
r'r and R2R2 RBCs resulted in a slightly weaker (3+) agglutination of r'r' and R2R2
RBCs, respectively, proving the presence of anti-D and anti-C. Antibodies were eluted
from the RBCs and tested against the r'r', R2R2 and rr RBCs showing that the eluate of
the r'r RBCs reacted strongly (4+) with R2R2 RBCs and the eluate of the R2R2 RBCs
reacted strongly with r'r' RBCs, proving the presence of anti-G.

The plasma sample was titrated against RBCs of the r'r' and R2R2 RBCs resulting in
titers of 1:4,000 and 1:8,000, respectively (Table 3.2). To be able to dissect the contri-
bution of the anti-C and anti-D to these titers, plasma samples were absorbed with r'r,
R2R2 and rr (negative control) RBCs. Absorption with R2R2 RBCs and titration with
r'r' RBCs gave the anti-C titer which was 1:8. Absorption with r'r RBCs and titration
with R2R2 RBCs gave the anti-D titer which was 1:2,000. These results indicate a low
titer of anti-C and equally strong anti-D and anti-G antibody titers in the mother.
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Table 3.1: Anti-Rh determination. The top half shows the agglutination of plasma samples that have

been absorbed with r'r, R2R2 and rr RBCs. The bottom half shows the agglutination of

the antibodies that were eluted from the RBCs as mentioned above. Agglutination was

performed with r'r', R2R2 and rr RBCs, thus dissecting the anti-C, anti-D and anti-G

present in the plasma.

Absorption or elution r'r' R2R2 rr

Absorption with
r'r - 3+ -
R2R2 3+ - -
rr 4+ 4+ -
Elute from
r'r 4+ 4+ -
R2R2 4+ 4+ -
rr - - -

Table 3.2: Anti-Rh titration. The antibody titers of the absorbed plasma samples were performed with
r'r' and R2R2 RBCs.

Absorption r'r' R2R2

None 4000 C + G 8000 D + G
r'r 2000 D
R2R2 8 C
rr 1000 C + G 4000 D + G
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Table 3.3: Anti-Rh ADCC. ADCC was carried out with R1R1 and R2R2 RBCs. Results are given as

percentage of the positive standard.

Absorption R2R2 R1R1

None 110 D + G 135 C + D + G
r'r 70 D 60 D
R2R2 0 C
rr 75 D + G 124 C + D + G

Antibody dependent cellular cytotoxicity

The absorbed plasma samples (as described above) were also used for the determination
of the ADCC (Table 3.3). The anti-D (plasma absorbed with r'r RBCs) yielded an ADCC
of 70% with R2R2 RBCs and an ADCC of 60% when performed with R1R1 RBCs. The
ADCC of anti-C (plasma absorbed with R2R2 RBCs) was zero. The plasma sample
which was absorbed with the negative control rr RBCs was used to perform ADCC with
R2R2 RBCs representing the anti-D and anti-G and with R1R1 RBCs representing the
anti-C, anti-D and anti-G. Because we found that the anti-C had an ADCC of zero, these
tests should have given the same result. ADCC with R2R2 RBCs, however, was 75%,
whereas the ADCC with R1R1 RBCs was 124%. All ADCC tests were performed in
duplicate. When anti-D and anti-G are both present in a plasma sample, the ADCC
with R1R1 RBCs is apparently higher than with R2R2 RBCs.

Construction and panning of the phage-display libraries and Rh

speci�city of selected phages

The library constructed from the B cells of the D negative mother had a size of 3.0x107 CFU
with 85% correct inserts. Three pannings with RBCs of the r'r, R2R2 or R1R1 phenotype
were performed. We chose RBCs with these phenotypes to select for anti-C- (r'r, R1R1),
anti-D- (R2R2, R1R1) and anti-G- (r'r, R2R2, R1R1) speci�c phages. Phages were not
analyzed for speci�city after the �rst panning round. After three panning rounds with
the r'r RBCs, 2 phages with the anti-C and 5 phages with the anti-G (Table 3.4) speci-
�city were selected. Nineteen anti-Rh-speci�c phages were selected after four panning
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Table 3.4: Phage selection after panning. Three pannings have been performed with RBCs of the r'r,

R1R1 or R2R2 phenotype. No phages were screened in the �rst panning round. Results

indicate the number of antigen speci�c clones isolated from panning rounds 2, 3 and 4

(P2, P3, P4). The numbers in parentheses are the total number of phages that have been

screened in that panning round.

Panning Speci�city P2 P3 P4

r'r anti-C 1 (30) 1 (48)
anti-G 1 (30) 4 (48)

R1R1 anti-C 0 (48) 0 (48) 0 (48)
anti-D 0 (48) 6 (48) 8 (48)
anti-G 0 (48) 4 (48) 1 (48)

R2R2 anti-D 0 (48) 2 (48) 7 (48)
anti-G 0 (48) 0 (48) 0 (48)

rounds with R1R1 RBCs of which 5 phages were anti-G and 14 phages anti-D. Selection
with R2R2 RBCs yielded 9 anti-D speci�c phages after four rounds of panning.

Sequence analysis of rearranged immunoglobulin genes

The immunoglobulin heavy (H) and light (L) chain genes of all 35 selected phages were se-
quence analyzed, aligned against the V-Quest database of IMGT (http://imgt.cines.
fr) and were assigned the closest germline genes as shown in Table 3.5. The IGHV3s

genes were used by 25 of these 35 selected phages, and a total of 11 di�erent IGHV

genes were found. According to the use of the IGHD and IGHJ genes, the length of
the junction (V(D)J), the use of light chain and the somatic hypermutation patterns,
21 unique phage clones were identi�ed of which 16 used the IGHV3s genes. Six phages
used the IGHV3-30*18 gene and were divided into 3 clones according to the use of the
IGD/J and IGL genes which was also re�ected in the speci�city (2 anti-D clones and
1 anti-C clone). Three clones used the IGH3-30-3*01 gene of which two phages were
identical and anti-D speci�c. The third phage (4B5) was anti-G speci�c, had a di�erent
light chain and the junction of the heavy chain di�ered by one amino acid. Thirteen
phages used the IGHV3-33*01 gene, were anti-D speci�c and could be divided into 8
clones. Heavy and light chains with di�erent junction length and/or di�erent IGHD/J
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and/or IGL genes also had di�erent somatic hypermutation patterns (data not shown).
There were no phages that di�ered in somatic hypermutation pattern only and no phages
have been found that made use of IGHV genes that were 100% identical to the germline
sequence (number of mutations ranged from 4 to 15).

The same analysis was done for the light chains of the 35 individual phages. The 21
unique clones were divided into 15 clones with κ light chain genes and 6 clones with λ
light chain genes (Table 3.5). Remarkably, the IGKV1D-39*01 gene was used by 20 of
the 35 phages (57.1%). Further division of these phages was possible by identi�cation
of the IGKJ gene and junction length. Although some clones (e.g., clone 2 and clone
14) had di�erent heavy chains, their light chain genes appeared to be identical (gene
rearrangement and junction length); however, the somatic hypermutation patterns of
these light chains did di�er.

Discussion

The molecular analysis of anti-D immunoglobulin variable region genes has been studied
extensively by di�erent groups and di�erent methods leading to the conclusion that
the variable heavy chain genes in the anti-D response shows limited restriction to the
IGHV3s germline genes (8, 9, 10, 11, 12, 13). The usage of some other germline genes
(IGHV4-34 and IGHV1-69) for anti-D has been reported as well, although these genes
are used far less frequently. Most analyzed anti-D antibody genes were derived from
phage display libraries and therefore the predominance of the IGHV3s genes might be
due to an artifact of the technology. We showed previously, however, that the heavy
chains in single B cells from hyperimmunized donors also make use of the IGHV3s genes
and that even anti-D speci�c B cells of the IgM isotype used these germline genes (10).
The above-mentioned studies have been performed with B lymphocytes obtained from
hyperimmunized individuals, and therefore the gene restriction might be due to the
hyperimmunization of these individuals and not due to characteristics of the D antigen
or intrinsic capacities of these germline genes. Moreover, we have shown previously in
a hyperimmunized anti-D donor that anti-D were not restricted to the IGHV3s genes
only but that it was even a clonal immune response (20). The study by Hughes-Jones et
al. (12) showed that it was possible to obtain an anti-E-speci�c phage from a synthetic
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Table 3.5: Immunoglobulin heavy- and light-chain gene analysis. The clone number, the RBC pheno-

type used for the selection, the name of the clone, and the anti-Rh speci�city are given in

columns 1�4. The IG* columns show the most homologous germline genes (IMGT database).

Columns VDJ and VJ show the number of amino acids of the respective junctions.

Clone PAN Phage Spec. IGHV IGHD IGHJ VDJ IGLV IGLJ VJ

1 R1R1 3D2 G 1-18*01 2-8*02 6*02 21 KV1D-39*01 KJ1*01 9

2 r'r 3A4 G 1-69*06 2-15*01 5*02 16 KV1D-39*01 KJ1*01 9

3B10

3B8

R1R1 3B2

3B7

3B8

3 R2R2 3C8 D 3-11*03 5-5*01 6*02 19 LV3-10*01 LJ3*02 12

4 r'r 3A1 G 3-20*01 6-13*01 5*02 16 LV2-11*01 LJ3*02 10

5 R2R2 4B1 D 3-30*04 3-10*01 6*02 25 LV1-40*01 LJ3*01 11

6 R2R2 3D2 D 3-30*18 5-5*01 4*02 16 KV3-15*01 KJ2*02 9

7 R1R1 3D4 D 3-30*18 3-22*01 3*02 22 KV1-5*01 KJ1*01 9

4A5

4D10

8 r'r 3D12 C 3-30*18 3-9*01 6*02 24 KV1D-39*01 KJ4*01 9

2A8

9 R1R1 4B5 G 3-30-3*01 4-23*01 6*02 15 KV1-13*02 KJ4*01 9

10 R2R2 4A8 D 3-30-3*01 4-23*01 6*02 15 KV1D-33*01 KJ4*01 9

4D1

11 R2R2 4D6 D 3-33*01 4-17*01 3*02 17 LV1-40*01 LJ1*01 11

12 R1R1 4A10 D 3-33*01 3-3*01 6*02 19 KV1D-39*01 KJ1*01 9

13 R1R1 3A11 D 3-33*01 6-13*01 6*02 21 KV1D-39*01 KJ1*01 8

4B3

14 R1R1 3A10 D 3-33*01 6-13*01 6*02 21 KV1D-39*01 KJ1*01 9

3A6

3D9

4D1

15 R1R1 3D5 D 3-33*01 6-13*01 6*02 21 KV1D-39*01 KJ2*02 9

16 R1R1 4C12 D 3-33*01 6-13*01 6*02 21 KV1D-39*01 KJ1*01 10

17 R2R2 4B10 D 3-33*01 6-13*01 6*02 21 LV2-8*01 LJ1*01 11

4C1

18 R2R2 4D3 D 3-33*01 3-10*01 6*02 22 KV1D-39*01 KJ2*02 9

19 r'r 2B4 G 3-33*04 3-3*01 4*02 17 KV1D-39*01 KJ4*01 9

20 R1R1 4A2 D 3-33*05 2-15*01 6*02 18 KV3-20*01 KJ3*01 9

21 R1R1 4D9 D 4-34*01 1-1*01 6*02 22 LV3-19*01 LJ3*01 11
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library based on an IGHV3s gene (IGHV3.30) indicating a potential role for the IGHV3s
genes in antibodies with anti-Rh speci�cities other than anti-D.

In this study we analyzed the anti-Rh immune response in a pregnant Rh-negative
woman who did not produce anti-Rh in the 32nd week of her third pregnancy but did
deliver a child who had moderate HDFN due to anti-D, indicating the development of an
early anti-D response in the last trimester of this pregnancy. We cannot formally exclude
a secondary response, possibly suppressed by the postnatal immunoprophylaxis given in
the second pregnancy. The presence of anti-C and anti-G does not necessarily indicate a
secondary immune response since Cash et al. (3) already detected these antibodies in a
primigravida. The IGHV gene analysis of the anti-D immune response in this donor could
therefore solve the question if the IGHV3s gene usage is due to characteristics of the D
antigen and/or an intrinsic capacity of the IGHV3s genes or due to hyperimmunization.

After we obtained blood from the mother, serologic analysis showed that the serum
reacted with both r'r and R2R2 RBCs, indicating that not only was anti-D produced but
also anti-C. Several cases have been reported in which the presence of anti-D and anti-C
was mimicked by anti-G and where anti-G masked the presence of anti-D and anti-C.
Indeed the study of Pal� and Gunnarsson (5) shows that anti-G are present in 88.9%
of cases when both anti-D and anti-C are present. The di�erent anti-Rh in the studied
plasma samples were dissected by absorption and elution as described in materials and
methods and both anti-D, anti-C and anti-G were present (Table 3.1). The relative
in�uence of each anti-Rh on the moderate HDFN in the child was determined by ADCC
performed with plasma samples that were absorbed with RBCs of di�erent phenotypes
(Tables 3.2 and 3.3). The in�uence of the titer and ADCC of the anti-C was negligible
in comparison to the titers and ADCC of the anti-D and anti-G, which were comparable.
ADCC results appeared to be higher when performed with R1R1 RBCs compared with
R2R2 RBCs for plasma samples that were absorbed with rr red cells (Table 3.3). This
di�erence cannot be accounted to the presence of anti-C but is caused by the presence of
both anti-D and anti-G. These two latter antibodies must compete for the same antigen
on R2R2 RBCs whereas on R1R1 RBCs the anti-G component can also bind to the C
antigen, thus resulting in a higher ADCC. This �nding is consistent with the study of
Maley et al. (21) who showed that quanti�cation of anti-D in the presence of anti-G gives
higher results when quanti�ed with R1R1 RBCs instead of R2R2 RBCs.
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Thirty-�ve phages with anti-Rh speci�city were selected from the library prepared from
the B lymphocytes of this mother. By choosing RBCs with di�erent Rh phenotypes (r'r,
R1R1 and R2R2) anti-D, anti-C and anti-G speci�c phages were selected. Remarkably,
anti-C could only be selected in the absence of the D antigen and anti-G could only be
selected in the presence of the D and the C antigen, not with the D antigen alone. These
results indicate the dominance of the anti-D over the anti-G and anti-C, and it re�ects
the low number of anti-C as found by titration in the plasma (see results). Moreover, it
suggests a higher a�nity of anti-D over anti-G.
Nucleotide sequence analysis of the heavy- and light-chain genes of the phages showed

21 unique clones (Table 3.5). Remarkably, duplicate phages were found within pannings
with the same RBC phenotype and not across pannings with RBCs of di�erent pheno-
types, except for the anti-G-speci�c phage using the IGHV1-69*06 gene, which could be
selected with both r'r and R1R1 RBCs. The anti-D- and anti-G-speci�c phage clones
make use of the IGHV3s genes in 16 of 18 and 2 of 5 of the cases, respectively. The
two selected anti-C phages are duplicates and make use of the IGHV3s germline genes.
Although this is indicative for the preference of the IGHV3s gene usage in anti-C the
low number of phages might limit this conclusion due to overrepresentation. The use
of IGHV3-11 and IGHV4-34 germline genes for anti-D speci�c antibodies has been de-
scribed before (9, 11). Furthermore, many duplicate anti-G speci�c phages were found
with the IGHV1-69 germline gene. The use of the IGHV1-69 germline gene has been
linked to rheumatoid factors (22) and has also been found in anti-D (23).
We present in this study a D-negative mother who developed a natural (possibly sup-

pressed secondary) immune response resulting in high titers of anti-D and anti-G and
low titers of anti-C. The ADCC of these antibodies appeared to be di�erent when using
R1R1 and R2R2 RBCs, indicating the in�uence of anti-G on di�erent RBCs. To the
best of our knowledge this is the �rst study that describes a restricted use of IGHV3s
germline genes in anti-D in a nonhyperimmunized person. In addition we show that 2
of 5 anti-G-speci�c phage clones and both anti-C-speci�c phages also use the IGHV3s

germline genes. We conclude from these results that the restriction of the anti-D genes
to the IGHV3s germline genes is probably not due to hyperimmunization but due to
general characteristics of Rh antigens which supports the hypothesis of a common Rh
footprint.
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4 Anti-e found in a case of hemolytic

disease of the fetus and newborn

make use of the IGHV3

superspecies genes

S.E. Dohmen, J. Muit, P.C. Ligthart, O.J.H.M. Verhagen, C.E. van der Schoot

Transfusion, 48(1):194-5, 2008

Hemolytic disease of the fetus and newborn (HDFN) is caused by antibodies to the D
blood group antigen in 90 to 95% of cases (1). Other blood group antibodies causing
HDFN include anti-E (29.9%), anti-K (22.0%), anti-c (13.0%), anti-C (3.3%) and anti-e
(1.5%) (Unpublished results by the OPZI study, J. Koelewijn et al., Sanquin Research,
Amsterdam, The Netherlands). Molecular analysis of anti-D antibodies has shown that
the variable parts of these immunoglobulins are restricted to the IGHV3 superspecies
family genes. We found this restriction also in anti-G and anti-C antibodies in a primary
alloimmunized woman (2).

We obtained blood from a D-positive primagravida woman who delivered a D-positive
child with mild HDFN. The mother's red blood cell (RBC) phenotype was R2R2 (D+ C-

c+ E+ e�) Fya�. The child's RBC phenotype was R1R2 (D+ C+ c+ E+ e+) Fya+. The
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mother's serum contained anti-C, anti-e and anti-Fya with indirect antiglobulin titers
of 1, 128 and 2, respectively. The child's serum sample contained anti-e. Anti-C and
anti-e were eluted from the child's RBCs. The antibody-dependent cellular cytotoxicity
(ADCC) test result was more than 80% of the positive standard and maternal anti-e
antibodies were associated with hemolysis.

Six months later, we obtained a blood sample from the mother, isolated 2.0x107 mono-
nuclear cells (MNCs) and constructed a single-chain-Fv phage-display library (PDL)
with 1.0x107 colony forming units (CFU). The construction method has been described
elsewhere (2). Three phages with anti-e speci�city were selected. Although anti-C had
been detected in the mother's serum sample, no phages with this speci�city were found.
Anti-Fya-speci�c phages could not have been detected since pannings were performed
with bromelain-treated RBCs.

Nucleotide and amino acid sequences of the immunoglobulin genes from the anti-e spe-
ci�c phages were aligned against the ImMunoGeneTics database (http://imgt.cines.
fr) to assign the most homologous germline genes. The three anti-e speci�c phages
made use of the same heavy chain genes: IGHV3-30*18, IGHD3-22*01 and IGHJ6*02.
Two phages were duplicates and had the same light chain genes (IGKV1D-39*01 and
IGKJ5*01). The heavy chain of these two phages was clonally related to the heavy chain
of the third phage, because the junctional regions were identical. The third phage used
the IGKV1-12*01 and IGKJ4*01 light chain genes.

Molecular analysis of antibodies causing HDFN has been limited to anti-D. A restricted
use of variable genes of the IGHV3 superspecies family has therefore been attributed to
anti-D (3, 4, 5). These IGHV3 genes, however, are the most positively charged of all
human IGHV genes and might therefore be used preferentially for overcoming the zeta-
potential of the RBC membrane (6). Anti-e causing HDFN are rarely reported and have
not been examined on the molecular level. To the best of our knowledge, the results of
this study demonstrate for the �rst time that the immunoglobulin genes in anti-e speci�c
phages also use the IGHV3 superspecies genes. The anti-e speci�c phages were obtained
from a phage display library made from the MNCs of a primagravida producing anti-e
that caused mild HDFN. Although we cannot prove that our phages were the actual
antibodies present at the time when HDFN developed, the speci�city of these anti-e
antibodies was con�rmed by hemaglutination.
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Together, these results show that the preferential use of IGHV3 superspecies genes is
not speci�c for the D blood group antigen. These genes are also used in anti-e-speci�c
phages, as described here, and in anti-C speci�c phages, as reported previously (2).
These �ndings support the concept that these most positively charged IGHV genes are
needed to overcome the RBC's zeta potential to reach antigens which extend minimally
from the RBC's surface (6). An alternative explanation could be that there is a common
footprint of anti-Rh related to the highly homologous structure of the RhD and RhCE
polypeptides. Fine-tuning of these antibodies to di�erent anti-Rh speci�cities depends
on the CDR3 regions (7) and further analysis of these CDR3 regions and epitopes of Rh
speci�city is needed. Our results might explain the frequent co-occurrence of anti-CcEe
in patients who are alloimmunized to the D blood group antigen.
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hyperimmunized anti-D donor
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Abstract

Healthy volunteers are hyperimmunized with RhD-positive red cells in order to obtain
plasma containing high titers of anti-D immunoglobulin, which is used for the prevention
of haemolytic disease of the fetus and newborn. We analysed the anti-D immune response
in a donor who had been hyperimmunized for 7 years and who showed declining anti-
D titres despite re-immunization. A phage display library representing the complete
immunorepertoire and a second library representing the IGHV3 superspecies family genes
(IGHV3s) repertoire in the donor were constructed and analysed. A clonal Ig-gene
rearrangement was quanti�ed in the peripheral blood by limiting dilution polymerase
chain reaction (PCR). All RhD-binding phages from both libraries, except for one, had
heavy chains with IGH-VDJ rearrangements of the same clonal origin, but with di�erent
patterns of somatic mutations and joined with di�erent light chains. Limiting dilution
PCR performed on mRNA and genomic DNA showed a frequency of 1 clonal B cell in
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2000 IgG1/3-positive B cells. We show the presence of clonally related RhD-speci�c B
cells in a hyperimmunized anti-D donor who had declining anti-D titres and who was
unresponsive to re-immunization. Furthermore, we found a high frequency of clonal B
cells. These results contribute to the understanding of the immune response against RhD
in hyperimmunized anti-D donors.

Introduction

Administration of anti-RhD immunoglobulin (anti-D) to pregnant RhD-negative women
prevents their immune system from developing a primary anti-D immune response and
therefore prevents the development of haemolytic disease of the fetus and newborn
(HDFN) in subsequent pregnancies with an RhD-positive child. Recombinant anti-D
of clinical grade is not yet available, although preclinical studies have been performed
(1, 2). Anti-D antibodies are obtained from the plasma of RhD-negative individuals who
undergo repetitive immunization. The same strategy is followed as for the production of
anti-tetanus and anti-hepatitis B polyclonal antibodies. High plasma-titres are needed
to obtain monoclonal or polyclonal preparations containing su�cient levels of antigen-
speci�c antibodies and therefore these donors are immunized repetitively. However, some
subjects, who donated plasma with su�cient high antigen-speci�c antibody titres, do not
react anymore to re-immunization after a couple of years, which makes them ineligible
for antigen-speci�c antibody plasma donation.

The humoral immune response against the RhD protein has been studied in many ways,
and most research has been performed on the genes encoding the anti-D immunoglobulins
(3, 4, 5, 6, 7, 8). Many anti-D speci�c hybridoma cell lines, Epstein-Barr virus (EBV)-
transformed cell lines and recombinant phages, selected from hyperimmunized anti-D
phage display libraries, have been produced and analysed. Analyses of the genes of
these anti-D immunoglobulins with databases of germline gene repertoires have led to
the hypothesis that, although the RhD protein is a very diverse antigen with at least
37 epitopes, the humoral immune response against RhD is restricted to a limited set of
variable heavy chain (IGHV) genes (3, 5, 6). These genes encode the largest and most
dominant part of the variable region of the heavy chain and are therefore considered to be
the most important part needed for antigen recognition (9). Chang et al. were the �rst
to describe a set of highly homologous IGHV germline genes found frequently in anti-
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D speci�c phage-particles, an observation which was con�rmed later by Miescher et al.
(3, 5). This group of IGHV genes (IGHV3-30, IGHV3-30.3, IGHV3-30.5 and IGHV3-33)
is referred to further as IGHV3 superspecies genes (IGHV3s). Interestingly, Chang et
al. described a clonal relationship of the heavy chains of some of the phages they found.
However, only one phage display library has been analysed and the clonally related heavy-
chain genes of the phages showed very limited di�erences, so it was impossible to rule
out that these di�erences were caused by polymerase chain reaction (PCR) artefacts.
A restriction to a subset of the IGHD or IGHJ genes, similar to the preferential use of
IGHV3s genes in anti-D antibodies, has not been found (6, 10). From these results it was
concluded that the IGHV gene is also the most important immunoglobulin part for anti-
D antigen recognition. However, Proulx et al. performed heavy- and light-chain shu�ing
experiments and showed that RhD binding phages gained a�nity when the heavy chain
was joined to another light chain or lost a�nity and therefore speci�city. This shows
that the role of the light chain in anti-D a�nity and speci�city can not be ruled out (11).

In this study we present the analysis of the anti-D immune response in a hyperimmu-
nized donor who showed decreasing anti-D titres despite re-immunization. Phage display
analysis showed a restriction of the anti-D-speci�c phages to the IGHV3s genes which
is consistent with the results of others. However, these phages were not restricted only
in gene usage; they were also clonally related and the frequency of this clone, as deter-
mined in the B cell population of the donor, was high in comparison to studies on clonal
frequencies in other immunized people. This study shows that re-immunization of an
anti-D donor does not lead necessarily to the restoration of anti-D titre peak values and
might lead to the clonal outgrowth of a B cell clone, resulting in decreasing anti-D titres.

Materials and methods

Donor Material

We obtained a bu�y coat from a hyperimmunized anti-D donor after she had been hyper-
immunized for 7 years. Whole blood was obtained 3 years after the bu�y coat donation.
Bu�y coat and blood samples were obtained from the donor after informed consent. This
study was approved by the local Medical Ethics Committee of the Academic Medical Cen-
tre, University of Amsterdam. Mononuclear cells (MNC) were isolated from the bu�y
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coat by Ficoll-Paque (Amersham Biosciences AB, Uppsala, Sweden) density isolation.
Cells were aliquotted and cryopreserved.

Construction of Phage Display Library 1

The �rst phage display library (library 1) was made from 4.0x106 MNCs. cDNA was
prepared from these cells and used to amplify the heavy- and light-chain rearrangements
in separate PCR reactions, one for each VH, VL and VK family. VH family-speci�c
forward primers were used and the reverse primers consisted of a pool of primers speci�c
for the constant regions of γ1 and γ3 heavy chains. Similarly, the ampli�cation of the
light chains was performed with VL or VK family-speci�c forward primers and a pool
of primers speci�c for the constant regions of either the or λ the κ light chains. Subse-
quently, nested PCR reactions introducing restriction sites were performed with primer
sets speci�c for each VH, VL or VK family. These primers are described elsewhere (12).

The nested PCR products were pooled into two groups: VH products and VL/VK
products. The VH and VL/VK products were digested with the restriction enzymes
Nco1, S�1 and ApaL1, Not1, respectively (New England Biolabs, Beverly, USA) and lig-
ated into the phagemid vector pHEN2, which was digested with corresponding enzymes
(13). Ligation steps were performed with fast-link ligase according to the manufacturer's
manual (Epicentre, Madison, USA). The pHEN2 phagemids were electroporated into a
TG1 Escherichia coli strain (Stratagene, La Jolla, USA). The size of the library was
determined by plating serial dilutions of electroporated TG1. Each VH family was rep-
resented in this library as determined by sequence analysis of the pHEN2-VH-VL/K
products in single colony-forming units (CFU).

Construction of Phage Display Library 2

After the analysis of library 1 a second library (library 2), representing the IGHV3-
superspecies heavy chains only, was constructed using a di�erent aliquot of the same
MNCs that were collected to construct library 1. This library was made in the same
manner as described above. However, only one forward primer, speci�c to the leader re-
gion of the IGHV3s family (5'-TTCCTCGTTGCTCTTTTAAG-3'), was used to amplify
the heavy chains from the cDNA. The reverse primers were the same pool of primers
speci�c for the constant regions of γ1 and γ3 heavy chains, as described above. The
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IGHV3-speci�city of this primer set was checked by amplifying cDNA from B lym-
phocytes of four healthy non-immunized donors and subsequent cloning and sequence
analysis. Selected clones showed that only the IGHV3 heavy chains were ampli�ed by
this primer set.

The nested forward primers were speci�c to the IGHV3 family only and the nested
reverse primers were the same as used for library 1. The pooled VH products of library
2 were ligated into a phagemid vector which already contained a VL-repertoire (pHEN1-
Vlrep), kindly provided by Dr W.H.Ouwehand (University of Cambridge, Department of
Haematology, East Anglia Blood Centre, Cambridge, UK) (14).

Selection and analysis of phage display libraries

Phages expressing single-chain fragments (phabs) were made by culturing the electro-
porated TG1 bacteria with the VCS-M13 helper phage (Stratagene). Anti-D-speci�c
phabs were selected from each library by panning with RhD-positive red cells. In short,
approximately 1.0x1010 phabs were added to 100 µl of a 10% red cell suspension (R2R2).
Red cells were pretreated with bromelain to increase the binding of (low-a�nity) anti-D-
speci�c phabs and to avoid binding of phabs with other non-Rh speci�cities. Red cells
and phabs were incubated at 4 ◦C for at least 3 h and washed 10 times with ice-cold
phosphate-bu�ered saline (PBS). Bound phabs were eluted by lysing the red cells with
distilled water.

Single CFUs were selected after each panning round and cultured in the presence
of 1 mM isopropyl-β-D-thiogalactopyranoside (Invitrogen), thus producing soluble scFv-
fragments. ScFv-fragments were dimerized with the anti-c-myc tag antibody 9E10 (Ab-
cam, Cambridge, UK) and used to agglutinate red cells. We selected the TG1s from
which the scFv-fragments agglutinated 1% suspensions of bromelain treated R2R2 red
cells, but not rr red cells. The anti-Rh speci�city of these clones was determined further
by agglutination with bromelain-treated red cells of the R1r, R1R1, R2R2, r''r, r'r and
rr phenotype.

Heavy and light chain gene analysis

The heavy- and light-chain genes of anti-D-speci�c clones were PCR ampli�ed with
phagemid-speci�c primers as described elsewhere (12). PCR products were puri�ed with
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the Qiagen Puri�cation Kit R©(Qiagen, Hilden, Germany) according to the manufacturer's
manual. The PCR products of all clones were analysed �rst by DNA �ngerprint. The
frequent-cutting restriction enzyme BstNI (New England Biolabs) was used to digest the
products and the resulting fragments were analysed by agarose gel electrophoresis (data
not shown).

PCR products of unique clones were cycle sequenced with the same phagemid-speci�c
primers and a Big Dye Terminator R© mixture (Applied Biosystems, Foster City, CA,
USA). The sequence reaction was performed on a 96-Well GeneAmp R© PCR System
9700 (Applied Biosystems) and the sequence products were analyzed on an ABI-PRISM
377, automated DNA sequencer (Applied Biosystems). The ImMunoGeneTics database
(http://www.imgt.cines.fr) and the VBASE2 database (http://www.dnaplot.de/
vbase2) were used to assign the most homologous germline genes. All PCR reactions,
sequence reactions and analyses were performed in triplicate. Sequence alignment was
performed with the Informax Vector NTI AdvanceTM software package by Invitrogen.

Quanti�cation of clonally related VH genes

All selected anti-D-speci�c clones, except for one, had the same IGH-VDJ-rearrangement.
This rearrangement was quanti�ed in two ways by PCR ampli�cation of either DNA or
cDNA in a limiting dilution assay, as described elsewhere (15). In short, B lymphocytes
were labeled with CD19-phycoerytrin (PE) and CD20-�uorescein thiocyanate (FITC)
(both from Becton Dickinson, Franklin Lakes, NJ, USA) and sorted with a MoFlo cell
sorter (Dakocytomation, Glostrup, Denmark). Genomic DNA was obtained from the
sorted cells using the QIAamp DSP DNA Blood Mini Kit (Qiagen) according to the
manufacturer's manual. cDNA was prepared from an aliquot of the cryopreserved MNCs
of the donor, as described above. First and nested PCR ampli�cations were performed
on both DNA and cDNA. The primers used in these reactions are listed in Table 1. In the
�rst PCR reaction on the genomic DNA, all the present junctions were ampli�ed in one
reaction and the beta-globin chain (16) was ampli�ed in another reaction as a control for
DNA input (50% DNA input was used to compensate for dizygosity). In the nested PCR
reaction the clone-speci�c IGHD/J-junction and the beta-globin gene were ampli�ed from
their respective �rst-reaction PCR products. In the �rst PCR reaction on the cDNA,
the IGHV3-family rearrangements to Cγ1 and Cγ3 were ampli�ed in one reaction and
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Table 5.1: Oligonucleotide Primers for quanti�cation by limiting dilution polymerase chain reaction

(PCR). The �rst column indicates the PCR reaction performed on genomic DNA or cDNA.

The names of the forward and reverse primers used in the �rst and second PCR reactions of

the limiting dilution assay are given in the second and third column respectively. Primers

have been published before or nucleotide sequences are given in footnote.

First PCR reaction Second PCR Reaction

Forward Reverse Forward Reverse

Genomic DNA

Clone Speci�c DJ FR3a JH21 a) IGHD/J-junctione Hu-IGHJ6 SalIb

beta-Globin gene PCO3c GH21 c) PCO3c KM38c

cDNA

Clone Speci�c DJ IGHV3 signalb Cγ1-3d IGHD/J-junctione Hu-IGHJ16 SalIb

Clone Speci�c VD IGHV3 signalb Cγ1-3d IGHV/D-junctionf

IgG1/3 speci�c IGHV signalb Cγ1-3d FR3a

ade Haas et al. ; b Dohmen et al. ; cSaiki et al. ; dsequence = GGC CGC TGT GCC CCC A ;
esequence = CTG TGC GAA AGA GTT CAC C ; fsequence = GCA GTT GGT ACC GGC GT

all the IGHV rearrangements were ampli�ed in another reaction as a control for cDNA
input. In the nested PCR reaction the clone-speci�c IGHD/J-junction, the clone-speci�c
IGHV/D-junction and all the present IGH -junctions were ampli�ed from their respective
�rst reaction PCR products. The cDNA input was diluted in a serial range (see Results)
into PCR reaction mixtures, as described above. Each PCR reaction was performed �ve
or six times. After ampli�cation the yield of PCR product was analyzed by agarose gel
electrophoresis. The numbers of rearrangement-speci�c copies were calculated directly
from the number of positive PCR reactions, or from the ratio of nested PCR reactions
that did not yield any product with the limiting dilution assay software of Strijbosch
et al., using the jack-knifed maximum-likelihood method (17). The same procedure was
performed for the calculation of the total number of beta-globin genes and IgG1/3 cDNA
copies.
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Results

Donor

Our female anti-D donor was immunized �rst when pregnant with her �rst child in 1968.
In 1993 she joined the Dutch immunization program for anti-D donors. She developed
high anti-D titres, with a maximum of 1:8000, shortly after re-immunization with red
cells of the R2r phenotype (Fig.1). To avoid alloimmunization against too many other
blood group antigens, and to reduce donor exposure, red cells of only one matched donor
were used. We obtained a bu�y coat from the donor after 7 years of hyperimmuniza-
tion when her anti-D titre was 1:1000. Three years later, when titres had dropped to
1:128, we obtained another blood sample for the analysis of T cell epitope speci�city (see
Discussion). Plasma from this donor was no longer eligible for the preparation of anti-D.

Phage display libraries

We used peripheral blood from one hyperimmunized anti-D donor to create two phage
display libraries. Library 1 was based on combining the rearranged VH genes from the
B cells expressing the IgG1 or IgG3 isotype with the rearranged VL genes of all B cells.
Anti-D antibodies are known to be of the IgG1 and IgG3 isotypes (18, 19). Library 2 was
based on combining the rearranged IGHV3s genes from the B cells expressing the IgG1
and IgG3 isotypes with 107 di�erent light chains obtained from a rearranged VL-gene
repertoire from a non-immunized source (14). All IGHV gene families were represented
within each library (data not shown, see Materials and methods). The number of VH
and VL combinations (the size of the library) was determined by estimating the number
of CFUs after electroporation. However, the possibility exists that phagemids re-ligate
without insert and therefore the phagemids of the CFUs were screened for VH and VL
insertion by PCR. The sizes of library 1 and library 2 were 2.1x107 CFU and 4.0x107 CFU
with more than 86% and 96% correct inserts, respectively.
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Figure 5.1: Immunizations and anti-D titers. The immunization of the hyperimmunized donor is given

by the black triangles. The large triangles represent a (re)immunization with R2r red cells.

The small triangles represent a reimmunization with R2r red cells. The line indicates the

most �tted line between di�erent time points when anti-D titers were measured. The star

indicates the time point when a bu�y coat from the donor was obtained which was used to

create the phage display libraries. The open triangle indicates the time point when blood

was obtained that was used to perform the T-cell epitope recognition study.
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Selection of anti-D speci�c phages

Two panning rounds were performed with library 1 and in each panning an input of
1011 phages was used. After the �rst panning round 3.0x105 phages were obtained. Anti-
D speci�city was determined for 37 clones, which were all negative. After the second
panning round, 1.0x106 bound phages were eluted. Although this was only a small en-
richment step, 13 out of 96 analysed clones were anti-D speci�c. These clones were
DNA-�ngerprinted and sequences were analysed. Because of the results (see below), no
further panning rounds were performed.

Four panning rounds were performed with library 2 and again the input of each panning
consisted of 1011 phages. The number of eluted phages showed a gradual enrichment
(1.0x106 , 1.5x106 , 5.0x106 and 1.0x107 , respectively). After each panning round, 40
clones were analysed for reactivity with R2R2 red cells. A more clear enrichment was
shown by the number of R2R2 red cell agglutinating phages (1, 1, 3 and 12 after each
round, respectively). After analysis of these clones no further panning rounds were
performed.

DNA �ngerprint

The 13 clones of library 1 and the 17 clones of library 2 were DNA-�ngerprinted by
restriction with the frequent-cutting enzyme BstN1 (data not shown). Seven unique
patterns were identi�ed in library 1 and nine unique patterns in library 2. Identical
patterns represented duplicate clones and therefore we analysed the nucleotide sequence
of one clone of each unique pattern. All nucleotide sequence analyses were performed in
triplicate.

VH and VL gene analysis

Analysis of the nucleotide and amino acid sequences of the heavy chains showed that
clones I-1F6, I-1G9 and II-4D9 were triplicates as were the heavy chains of clones I-1D6,
II-3A3 and II-3B7. All sequences except clone I-1H3 had the same CDR3 length (listed
in Table 2). Moreover, the sequences which had the same CDR3 length (22 amino acids)
showed that the IGHV, IGHD and IGHJ genes were joined at the same site and even
showed identical non-template nucleotides and palindrome nucleotides (indicated by N
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Table 5.2: The Ig genes of the heavy and light chains of the analyzed clones in the second and fourth

column have been analyzed using IMGT/V-Quest and VBASE2. The respective CDR3

lengths are given in the subsequent columns.

Clone IMGT IGHV VBASE IGHV IGHD IGHJ CDR3 IGLV/IGKV IGLJ/IGKJ CDR3

I-1D4 3-30*18 195 6-13*01 6*02 22 KV1-9*01 KJ4*01 10

I-1F6 3-30*18 195 6-13*01 6*02 22 KV1D39*01 KJ4*01 9

I-1G9 3-30*18 195 6-13*01 6*02 22 KV1D39*01 KJ1*01 9

II-4D9 3-30*18 195 6-13*01 6*02 22 LV3-19*01 LJ1*01 10

II-1D3 3-30*18 195 6-13*01 6*02 22 KV1D-16*01 KJ2*01 9

I-1D6 3-30*18 195 6-13*01 6*02 22 LV8-61*01 LJ3*02 10

II-3A3 3-30*18 195 6-13*01 6*02 22 LV3-19*01 LJ3*02 12

II-3B7 3-30*18 195 6-13*01 6*02 22 KV1-39*02 KJ3*01 9

I-1D9 3-30*18 195 6-13*01 6*02 22 KV1D39*01 KJ1*01 9

I-1H4 3-30*19 195 6-13*01 6*02 22 LV3-19*01 LJ3*02 11

II-2A10 3-30*02 199 6-13*01 6*02 22 LV2-14*01 LJ3*01 11

II-3C8 3-30-3*02 047 6-13*01 6*02 22 LV3-19*01 LJ3*01 8

II-4A2 3-33*03 199 6-13*01 6*02 22 LV3-19*01 LJ1*01 10

I-1C7 3-33*05 195 6-13*01 6*02 22 LV1-51*02 LJ3*02 11

II-4B5 3-33*05 199 6-13*01 6*02 22 LV3-19*01 LJ3*01 11

I-1H3 3-33*01 199 3-10*01 6*02 23 KV2D-28*01 KJ3*01 9

or P respectively in Fig. 1) in the IGHV-IGHD and IGHD-IGHJ junctions (Fig. 2).
Although the number and the position of the N and P nucleotides were the same for
clones I-1C7, II-4A2 and II-4B5 some nucleotide di�erences were present, which might
be explained by the occurrence of somatic hypermutations (SHM). The likelihood of two
immunoglobulin genes recombining in exactly the same manner as two other immunoglob-
ulin genes is minimal, and therefore the only conclusion can be that the heavy chains of
these phages have the same clonal origin. The junctions and N and P nucleotides in the
heavy chain of clone I-1H3 are di�erent (Fig. 2), and therefore this clone does not share
the aforementioned clonal origin.

The heavy-chain genes were analysed further by aligning the nucleotide sequences of
the IGHV, IGHD and IGHJ genes against the IMGT/V-Quest database of germline
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genes (http://imgt.cines.fr) and the VBASE2 database of germline variable genes
(http://www.dnaplot.de/vbase2). The results given by the databases are shown in
Table 2. All clones made use of the IGHJ6*02 gene and all phages with clonally related
heavy chains made use of the IGHD6-13*01 gene. Clone I-1H3 made use of the IGHD3-
10*01 gene instead. However, more than one result was returned by V-Quest for the
IGHV gene for the clonally related heavy chains: nine clones aligned to the IGHV3-

30*18 gene, two clones to the IGHV3-33*05 gene and some phages aligned to the IGHV -
genes 3-30*19, 3-30-3*02, 3-30*02, 3-33*03 and 3-33*01. Although the nomenclature of
IGHV genes in VBASE2 di�ers from V-Quest, a similar result was found: 11 of the
clonally related heavy chains aligned to the IGHV195 gene, three to the IGHV199 gene
and one to the IGHV047 gene. Due to the length, position and number of the N and
P nucleotides these clones must share the same clonal origin, and as the assigned IGHV

genes share more than 98.3% similarity with the most frequently found IGHV3-30*18

/ IGHV195 gene we conclude that the di�erences in somatic hypermutations between
these clones can lead to incorrect assignment of the most homologous IGHV germline
gene by immunoglobulin germline gene databases. Amino acid analysis of the clonally
related heavy-chain genes from framework region 1 to framework region 3 showed two
groups of three identical sequences each and nine unique clones (Fig. 3). In summary, we
identi�ed 12 phages with unique heavy chains, of which 11 had the same clonal origin.

The light chains were obtained from two di�erent sources: the light chains of library 1
were from the donor and the light chains of library 2 were from a non-immunized source.
Two λ and six κ light chains were present in library 1 and six λ and two κ light chains
in library 2 (Table 2). Each light chain was a unique gene recombination, even for the
clones with the same heavy-chain rearrangement, which explains the di�erences in DNA
�ngerprints.

Quanti�cation of clonally related heavy-chain rearrangements

Eleven of 12 unique phages had clonally related heavy-chain gene rearrangements, which
imply a high frequency of this speci�c rearrangement in the B lymphocytes of this donor.
We developed a PCR reaction that ampli�ed this rearrangement speci�cally. The relative
amount of this rearrangement in genomic DNA and in cDNA derived from B cells with
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heavy-chain rearrangements switched to IgG1 or IgG3 were calculated by limiting dilution
assay (17). The input of 100000 cells for the preparation of the genomic DNA sample was
checked with a beta-globin speci�c PCR, and a mean of 106000 copies was calculated.
Three copies of the clonally related IGHD/J junction were present in the DNA sample, as
calculated from the number of positive PCR reactions. The IgG-positive B cell fraction in
the total B cell fraction of this donor was 13%, as determined by �ow cytometry (data not
shown). This means that one out of 4600 IgG-positive B cells in the used sample belong to
this clonally related IGHD/J junction. A mean of 80000 copies was calculated by an IgG
γ1/γ3-speci�c PCR in the cDNA sample. The number of IGHV/D- and IGHD/J-speci�c
copies in the cDNA sample was 42 and 44, respectively. This means that one of every 2000
IgG1/3-speci�c cDNA copies had the clonally related rearrangement. The IGHV/D- and
IGHD/J-speci�c PCR reactions were also performed with comparable input of genomic
DNA and cDNA obtained from healthy control persons (n=8, in duplicate) which did
not yield any PCR product (data not shown), indicating the speci�city of the IGHV/D-
and IGHD/J-speci�c primers for the clonal B cells in our donor.

Discussion

In this study we analysed the anti-D immune response in a hyperimmunized anti-D donor
who showed declining anti-D titres and who became unresponsive to re-immunization
(Fig. 1). To analyse the immunorepertoire in this donor a phage display library was
constructed, based on the heavy and light chains from the IgG1 and IgG3 isotypes from
the B cells of this donor. Because several groups showed that the heavy chains of anti-
D immunoglobulins are restricted to the IGHV3 superspecies genes (3, 5, 6) we also
constructed a second library, which was restricted to these genes and which were isolated
from the B cells of the same hyperimmunized donor. To eliminate the in�uence of a
possible restriction in light chain use in this second library, a light chain repertoire of a
non-immunized source was used (14). Many heavy- and light-chain combinations can
be formed by shu�ing the restricted heavy-chain subset with a large repertoire of light
chains, leading to the selection of those heavy chains that have anti-Rh binding capacity.
The selection of anti-D-speci�c phages from phage-display libraries was performed with
intact red cells because the RhD antigen is a transmembrane protein expressing mainly
conformational epitopes.
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DNA-�ngerprint analysis indicated that we had selected for several di�erent phages.
However, all clones with di�erent �ngerprints, except one, had the same IGH-VDJ-
rearrangement. The di�erence in �ngerprint is caused by the use of di�erent light chains
and by small di�erences in SHM. Thus, the presence of this single heavy-chain rearrange-
ment cannot be due to contamination caused by one phage particle. Furthermore, clones
I-1G9 / I-1F6 and II-4D9 have the same SHM, although they come from two di�erent
libraries, and the same applies for clones I-1D6 and II-3A3 / II-3B7. These libraries
were constructed independently from di�erent PCR products, eliminating the possibility
of PCR artefacts. Analysis of the cognate junctions and the SHM patterns shows that
we had selected phages that contain heavy chains which share the same clonal B cell
origin. Although the light chains were derived from two di�erent sources, within one
library no duplicate light chain rearrangements were found. Moreover, the presence of
one unrelated heavy chain clone (I-1H3) shows that our panning method does not bias,
but selects a variety of phages.

It is unlikely that our �nding of clonally related heavy chain genes is an artefact of
the phage display technique, because we were able to quantify the numbers of clonally
related B cells within the IgG1/3-secreting B cells by limiting-dilution PCR on both
cDNA and genomic DNA. We found a frequency of one in 2000 IgG1/3-speci�c B cells
and one in 4600 total IgG B cells, respectively. This indicates that the clonal B cells are
highly frequent in the B cell population of this donor and that the phages, representing
the heavy chains of the B cells in this donor, were not enriched by the panning procedure.
It was not possible to amplify the clonal rearrangement by PCR reaction in cDNA and
DNA obtained from healthy controls, which stresses the speci�city of the PCR reaction
for the clonal rearrangement in our donor.

The humoral immune response against the RhD-antigen on red blood cells has been
studied with the phage-display technique by several groups (3, 4, 5). These phage-display
studies showed more clearly the restriction of IGHV -genes to the IGHV3-superspecies in
anti-D antibodies than in studies of EBV-transformed B-cell lines and (hetero)-hybridoma
cell lines (10, 20). Phages with clonally related heavy chains have also been found in the
study of Chang et al. (3). However, it could not be concluded if their clonally related
phages were really present in vivo or whether they were due to PCR artefacts during
the construction of the library, especially as the related phages di�ered in only a few
nucleotides. We now show that the clonally related phages in a hyperimmunized donor
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represent a highly frequent B cell clone. In hyperimmunized donors few IgG-positive
B cell clones are present in the peripheral blood; this suggests that the memory B cell
pool originates from only a few B cells, and in our patient even from a single B cell. In
our donor, this single memory B cell pool apparently became unresponsive, resulting in
declining anti-D titres.

Clonal expansion of B cells has been described for numerous situations where chronic
antigenic stimulation is present, i.e. rheumatoid arthritis, Sjögren's syndrome, hepatitis
C virus infection and idiopathic thrombocytopenic purpura (21, 22, 23). The sites of
clonal B cell expansions in these diseases are often found in the a�ected tissues, such
as synovium, glandula, liver and spleen, respectively. Although the distribution of VH
families in the studies on rheumatoid arthritis and Sjögren's syndrome re�ected the
expected distribution, as found in the peripheral B cells from non-immunized individuals,
clonal B cell expansions within the peripheral B lymphocytes were also found. However,
the frequencies of these cells in the blood were much lower than in the tissues. We can
speculate that the high frequency of a clonally expanded B cell clone in the peripheral
blood of a hyperimmunized anti-D donor is due to the periodic stimulation with the same
RhD-positive red cells as shown in Fig. 1.

In a previous study (24) we identi�ed alloreactive T cell epitopes on the RhD protein.
In RhD-negative alloimmunized donors a diverse pattern of several stimulatory RhD
peptides was found and the number of recognized RhD peptides was shown to correlate
strongly to the anti-D titer in hyperimmunized donors (Rs = 0.75; P < 0.003). The
donor described in this study had a remarkable decrease of anti-D titre despite several
re-immunizations (Fig. 1), and therefore the recognition of RhD peptides by the helper
T cells in this donor was also analysed. Only one RhD-derived peptide (number 36) gave
rise to a signi�cant T cell stimulation index in this donor (Fig. 4). RhD-peptide 36
represents the amino acids from position 217-231 on the RhD protein with the sequence
WMFWPSFNSALLRSP. This peptide is located on the transmembrane and extracellular
part of loop 4. Peptide number 36 is not the most commonly recognized RhD peptide,
as shown before (20%, n=5). This recognition pattern corresponds to the pattern found
in control RhD-negative donors who have not been alloimmunized (n=8). Nothing is yet
known about the interaction of helper T cells with RhD-speci�c B-cells. However, we
note that this donor has helper T cells that respond to only one RhD peptide and that
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she shows a clonal expansion of the B cell response. In the meantime the patient has
declining anti-D titres, which is suggestive for a causal connection.
We describe a clonal expansion of anti-D-speci�c B cells in the IgG1/3 B cell subset in a

hyperimmunized anti-D donor that could be quanti�ed by junctional region-speci�c PCR.
Furthermore, we show the presence of clonally related RhD-speci�c B cells and a restric-
tion in RhD-peptide recognition by helper T cells in one hyperimmunized anti-D donor.
This phenomenon might also occur in other immunization protocols, i.e. plasma donors
who are re-immunized with hepatitis B virus or tetanus-toxoid. More thorough analy-
sis of plasma donors who show a large decrease in titres after years of re-immunization
will lead to a better understanding of the immunization protocol of anti-D donors and
probably for immunization protocols in general.
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Figure 5.4: T cell epitope recognition. The RhD peptides used in the T cell proliferation assay are

indicated by numbers on the x-axis. On the y-axis the total counts per minute (CPM)

x ± s.d. after 3H-thymidine incorporation are given. The broken line indicates the level

of proliferation assumed to represent a positive response. Only RhD-peptide 36 induces a

signi�cant proliferation of the helper T-cells in the donor. The amino acid sequence and

location of the RhD-peptide 36 are shown in the �gure.
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Abstract

Anti-D immunoglobulin is obtained from the plasma of hyperimmunized anti-D donors.
In a previous study, we found a high number (8 of 11 clones from 2 donors) of anti-D-
speci�c B cells containing somatically mutated IgM in hyperimmunized anti-D donors.
In this study we analyzed the origin of these B cells. A CD40-CD40L culture system
was used to stimulate the B cells from di�erent B cell subsets, obtained from leukaphere-
sis products of �ve hyperimmunized anti-D donors. Two hyperimmunized anti-tetanus-
toxoid donors and three non-immunized donors were used as controls. Although the
frequency of anti-D-speci�c B cells was highest in the CD19+CD27+IgM� memory sub-
set, the absolute number of anti-D-speci�c B cells was highest in the CD19+CD27�IgM+

naïve subset, which most likely are CD19+CD27�ABCB1� memory cells. Anti-D serum
titers correlated negatively with the percentage of CD27�IgM+ anti-D-speci�c B cells,
indicating that these cells do not directly contribute to the maintenance of serum titers.
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In this study, we show for the �rst time the predominant presence of antigen-speci�c
CD27� memory B cells of the IgM class with somatically mutated Ig genes in hyperim-
munized donors. The emergence of these cells during immunization might re�ect a major
developmental pathway for B cells that controls the antibody titer during the immune
response.

Introduction

The administration of anti-D immunoglobulin prevents anti-D immunization and thus the
development of hemolytic disease of the fetus and newborn (HDFN) in D-negative women
carrying a D-positive fetus. Anti-D immunoprophylaxis is one of the most successfully
employed immunotherapies since the 1960's; the percentage of anti-D immunizations
decreased to 0.7 to 2.5% in various countries (1). The responsible mechanism has not yet
been elucidated, although the most likely methods of action are RBC clearance and down-
regulation of early antigen-speci�c B cells via the FcγRII-receptor feedback mechanism
(2, 3).

Recombinant anti-D preparations have been developed, but none of these are yet clin-
ically available for immunoprophylaxis (4, 5). At present, the only source of anti-D
immunoglobulin is the plasma of hyperimmunized anti-D donors. Anti-D immunoglobu-
lin consists mostly of high-a�nity IgG1 and IgG3, and is produced by B lymphocytes in
a T cell dependent manner (6). Factors in�uencing the development of a hyperimmune
anti-D response (i.e. anti-D titer above 1:1 000 for a sustained period) in anti-D donors
have not been clari�ed; of all naturally immunized persons who are being hyperimmu-
nized, at least 22% do not make anti-D at titers high enough to make them eligible as
anti-D donor (Sanquin Diagnostics, the Netherlands, unpublished results). Moreover,
25% of these donors become, over time, unresponsive to boosting, which we previously
studied at the cellular level (7). At present, anti-D donors in the Netherlands receive
a boost immunization when titers drop below 1:1 000 or when titers become less than
half of their maximum titer. Anti-tetanus donors receive a boost immunization when
titers drop below 1:15. Better insights into the anti-D immune response in hyperimmu-
nized anti-D donors might lead to an improvement of immunization protocols and might
maximize the e�ciency of the production of anti-D preparations.
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No signi�cant correlation has been found between the frequency of circulating IgG-
producing antigen-speci�c memory B cells and serum titers of antigen-speci�c IgG after
boosted immunization for diphtheria and tetanus toxoid (TT) (8, 9). However, a signi�-
cant correlation has been found between these parameters under steady-state conditions
(i.e. at least one year after the immunization was boosted) for TT in the study of
Bernasconi et al. (10).

Lanzavecchia et al. developed an e�cient method, based on Epstein-Barr virus (EBV)
immortalization and CpG activation, to investigate human memory B cells (11, 12). In
their system, it was not possible to e�ciently stimulate naïve B cells in the same manner.
In a previous study we analyzed anti-D-speci�c B cells in two hyperimmunized anti-D
donors at the single B cell level (13) by short-term culture in a CD40/CD40L-driven
system (14, 15). Memory and naïve B cells were stimulated equally well to become Ig-
producing B cells under our experimental conditions. Moreover, although these donors
had high IgG anti-D titers (1:1 000 and 1:8 000), 8 of 11 selected single anti-D-speci�c
B cells produced IgM instead of IgG, indicating that the proportion of naïve or IgM-
producing memory B cells in the peripheral B cell population was high. This is a re-
markable observation, because the donors had been hyperimmunized for at least 10 years.
Seven of eight isolated IgM genes showed somatic hypermutations, three were proven to
be antigen-driven, and the frequency of anti-D-speci�c B cells in the peripheral B cell
population was very high (1:100 and 1:500) (13).

In the present study we applied the same CD40 culture system to determine the per-
centage of anti-D-speci�c B cells in di�erent B cell subsets in �ve hyperimmunized anti-D
donors, and to determine the origin of the anti-D-speci�c B cells containing somatically
mutated IgM found in the previous study. Klein et al. have shown the existence of a
large subset of IgM-expressing memory B cells and found that the expression of CD27 is
a hallmark for somatically mutated (memory) B cells (16, 17). To boost anti-D immu-
nization, intravenous injection of 2 to 5 ml of D-positive red cells are given that will end
up mostly in the spleen (18). IgM-expressing memory B cells correspond to circulating
B cells from the splenic marginal zone (16, 19). Although this implies that these cells
are elicited in a T cell independent manner, some studies show that these cells are bona
�de memory B cells elicited in a T cell dependent manner, as reviewed by Tangye and
Good (20). Therefore, we postulate that a high frequency of IgM-positive anti-D-speci�c
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B cells might be present in the CD27+ memory B cell subset, which could explain the
high frequency of anti-D-speci�c B cells of the IgM isotype found earlier.
Recently, Wirths and Lanzavecchia demonstrated the presence of a subset of CD27�

memory B cells in the peripheral blood (21). The ATP-binding cassette B1 (ABCB1)-
transporter was shown to be a hallmark of quiescent, non-dividing naïve B cells, which
was up-regulated in transitional B cells emigrating from the bone marrow and down-
regulated on proliferating and di�erentiating B cells. Therefore, we also investigated the
presence of anti-D-speci�c B cells in the B cell subsets de�ned by CD27 and ABCB1
expression in a second set of experiments.

Materials and methods

Donor material

Ten donors from the Sanquin bloodbank, region northwest, donated leukapheresis prod-
ucts after an informed consent had been signed, and the study had been approved by
the Ethics Committee of our hospital. All donors were selected according to their immu-
nization status; �ve hyperimmunized anti-D donors, two hyperimmunized anti-tetanus
donors, two non-immunized D-negative (ccee) donors, of whom one had received anti-D
prophylaxis in the past, and one non-immunized D-positive (CCDDee) donor. Five hun-
dred milliliter of leukapheresis product was taken from each donor. Mononuclear cells
(MNC) were obtained by Ficoll-Paque separation (Amersham Biosciences, Uppsala, Swe-
den). For one experiment 4.0− 5.0x108 MNCs were used. The remaining cells were frozen
in 10% (w/v) DMSO and stored in vapor-phase nitrogen <(−180 ◦C). The Rhodamine-
1,2,3 experiments were performed with frozen/thawed aliquots of 2.0to2.5x108 MNCs.

Labeling and sorting of mononuclear cells

Fresh MNCs were incubated with CD19-APC, CD27-PE and IgM-FITC (BD Biosciences,
Erembodegem, Belgium) for at least 20 min at 4 ◦C. Cells were �rst sorted with a MoFlo
cell sorter (Dako, Heverlee, Belgium) into 3 fractions: memory B cells (CD19+ CD27+

IgM�), non-class-switched memory B cells (CD19+ CD27+ IgM+) and naïve B cells
(CD19+ CD27� IgM+). Each fraction was subsequently sorted into 96-wells �at-bottom
culture plates (NUNC, Roskilde, Denmark), as described below.
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The optimal concentration of Rhodamine-1,2,3 (Rho123, Invitrogen, Breda, the Nether-
lands) without detectable toxicity, and allowing the distinction between ABCB1+ and
ABCB1_ cells was determined by serial dilution (0.04to15.0 µM Rho123, 1.0to3.5 h in-
cubation). Incubation of thawed MNCs with 0.15 µM Rho123 for 10 minute at 37 ◦C
yielded the same immunoglobulin production by both labeled and unlabeled cells. After
labeling with Rho123, the cells were washed and incubated for another 3 hour at 37 ◦C
in medium alone. A second labeling step was performed with CD19-APC and CD27-
PE (BD Biosciences) for 20 minutes at 4 ◦C. Cells were sorted with a MoFlo cell sorter
(Dako, Glostrup, Denmark)) into 3 fractions: memory B cells (CD27+Rho123+), CD27�

memory B cells (CD27�Rho123+) and naïve B cells (CD27�Rho123�). Each fraction was
subsequently sorted into culture plates as described below.

EL4.B5 culture system

The EL4.B5 culture system has been described before in detail (13). In short, the pre-
sorted B cell fractions were sorted a second time with the MoFlo cell sorter in a limiting
dilution range (from 1/well to 3160/well) in 96-well �at-bottom plates (NUNC) that
had been preseeded with EL4.B5 cells (50 Gy irradiated, 5x104 /well, kindly provided by
Dr. R.Zubler, Geneva) in IMDM with 10% (w/v) FCS and a T-cell supernatant. Cell
death occurred if there were more than 10 000 B cells per well. For each experiment, the
same batch of EL4.B5 feeder cells were used. Expression of CD154 was veri�ed by �ow
cytometry. Both sorts were performed with low shear stress, resulting in >80% viable
cells as determined by a standard Trypan Blue staining (data not shown). The plates
were incubated at 37 ◦C in a 5% CO2-humidi�ed atmosphere for 9 to 10 days.

Detection of red cell agglutinating antibody

Supernatants (150 µl) were harvested from each well on day 9 or 10, and tested for the
presence of red cell agglutinating antibodies. Twentyfive µl of supernatant were added
to a 25 µl aliquot of a bromelain-treated 3% suspension of R2R2 (ccDDEE) red cells
(bloodgroup O). Agglutination was scored in each well. Supernatants from plates with
3 160 cells per well were tested in the same way with suspensions of r�r (cceE) red cells.

97



Enzyme-linked immuno sorbent assays

Anti-tetanus antibodies were detected with an anti-tetanus speci�c enzyme-linked im-
muno sorbent assay (ELISA). ELISA Plates (Maxisorb, NUNC) were coated overnight
at 4 ◦C with 2.5 µg of tetanus toxoid per well (150 LF/ml, SVM/RIVM, Bilthoven, The
Netherlands). Fifty µl of culture supernatant was added to each well and incubated
for 60 min at 37 ◦C. Antibody detection was performed with a mixture of biotinylated
goat-anti-human-IgM and goat-anti-human-IgG (both from Biosource, Camarillo, CA,
USA) and as second conjugate streptavidine-horse radish peroxidase (Pierce Biotechnol-
ogy, Rockford, IL, USA). Plates were washed with 0.025% Tween in phosphate-bu�ered
saline (PBS). Positive reactions were revealed with a tetramethylbenzidine substrate and
hydrogen peroxide. Extinctions were measured with a Genios Plus plate reader (Tecan,
Giessen, Netherlands) at 450 nm. The immunoglobulin subclass speci�c ELISAs have
been described before (13).

Limiting Dilution Assay and statistics

Suspensions of B lymphocytes were plated in serial dilutions in 1, 32, 100, 316, 1 000 and
3 160 cells per well. Of each dilution, at least 48 wells were seeded. The number of wells
in which antigen-speci�c Ig was detected was scored, and frequencies were calculated by
the jackknife method with L-Calc software (StemCell Technologies, Grenoble, France).
The nonparametric Spearman correlation test was performed with the computer program
'R': A language and environment for statistical computing (R Foundation for Statistical
Computing, Vienna, Austria).

Results

Hyperimmunized donors

We analyzed leukapheresis products of �ve hyperimmunized anti-D donors and of two
hyperimmunized anti-tetanus donors as controls (Table 1). Their age ranged from 51 to
69 years. All donors had been hyperimmunized for 12 years or longer, except the youngest
donor (RH1) who had been hyperimmunized for 2 years. At the time of collection the
anti-D serum titers ranged from 1:512 to 1:8 000 and anti-tetanus serum titers were 1:11
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Table 6.1: Donor speci�cations

Proportion of B cell subset sizes as % B cell subset sizes as % Frequency

CD19+cells of total peripheral B cells of total antigen-speci�c B cells (1:X)a

CD27� CD27+ CD27+ CD27� CD27+ CD27+

Donor (%) IgM+ IgM+ IgM� IgM+ IgM+ IgM�

RH1 4.5 66 12 22 71 10 19 4 653

RH2 9.4 84 7 9 61 0 39 102 415

RH3 5.6 77 9 14 94 0 6 31 946

RH4 4.0 57 32 11 51 3 46 38 880

RH5 6.3 53 7 40 2 29 69 485

TT1 4.5 48 11 41 99 0 1 78

TT2 3.6 75 9 16 93 3 4 1 397

Klein et al. 60 25 15

and 1:14. Previously recorded maximum anti-D serum titers ranged from 1:4 000 to
1:64 000. The proportions of the B cell subsets were determined by �ow cytometry of
CD27 and IgM expression, as described by Klein et al. (16, 17) and were within normal
limits (Table 2).

Immunoglobulin production by B-cell subsets in a CD40 culture

system

Di�erentiation and proliferation is distinct in naïve and memory B lymphocytes when
they are cultured in a CD40 system (22, 23). Therefore, we �rst analyzed the capacity of
the di�erent B-cell subsets to di�erentiate into Ig-producing clones under our experimen-
tal conditions. Cells of each B-cell subset (CD27+IgM+, CD27+IgM�, CD27�IgM+) were
sorted on top of irradiated CD40-ligand expressing EL4.B5 feeder cells and stimulated
with a T cell supernatant. The IgM and IgG production was determined by isotype-
speci�c ELISA and the frequencies of Ig-producing B cells were calculated from serial
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Table 6.2: B-cell subset speci�cations

Proportion of B cell subset sizes as % B cell subset sizes as % Frequency

CD19+cells of total peripheral B cells of total antigen-speci�c B cells (1:X)a

CD27� CD27+ CD27+ CD27� CD27+ CD27+

Donor (%) IgM+ IgM+ IgM� IgM+ IgM+ IgM�

RH1 4.5 66 12 22 71 10 19 4 653

RH2 9.4 84 7 9 61 0 39 102 415

RH3 5.6 77 9 14 94 0 6 31 946

RH4 4.0 57 32 11 51 3 46 38 880

RH5 6.3 53 7 40 2 29 69 485

TT1 4.5 48 11 41 99 0 1 78

TT2 3.6 75 9 16 93 3 4 1 397

Klein et al. 60 25 15
aFrequency of one antigen-speci�c B cell per given number of total peripheral B cells.

dilutions (Table 3). The frequencies of IgM and IgG production were determined sep-
arately, whereas the total Ig production was calculated from the wells producing either
IgG or IgM or both. IgG and IgM production by fresh cells (Table 3A) showed that every
naïve B cell (CD27�) and a median of 1 of 2 memory B cells (CD27+) produced Ig. As
expected, IgG production was lowest in the naïve subset (median 1:62) and highest in the
memory subset (1:8). In the non-class-switched subset (CD27+IgM+) IgM production
was predominant (Table 3A).

In the second set of experiments, which was performed on thawed MNCs, Rho123
was used to distinguish CD27�ABCB1+ B cells (Rho123�, naïve) from CD27�ABCB1�

B cells (Rho123+, memory). A Rho123 concentration was used that did not in�uence
Ig production or the viability of B cells; however, it should be noted that Ig production,
in general, was less by thawed cells than by fresh cells (Table 3B). The Ig production
was higher in CD27�Rho123+ cells (median 6, range 2-22) than in CD27�Rho123� cells
(median 1:24, range 1:5-132), con�rming the proposed active and quiescent status of
these cells, respectively (21).
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Table 6.3: The frequency of Ig-producing B cells per subset, using fresh (A) and thawed cells (B) from

all anti-D donors. The frequency is expressed as one antigen-speci�c B cell per given number

of total peripheral B cells.

A CD27� IgM+ CD27+ IgM� CD27+ IgM+

Median Range Median Range Median Range

IgM 1 1 - 2 8 1 - 216 2 1 - 825

IgG 62 21 - 84 8 1 - 91 126 1 - 1294

IgTotal 1 1 - 2 2 1 - 80 2 1 - 826

B CD27� IgM+ Rho123� CD27� IgM+ Rho123+ CD27+ IgM+ Rho123+

Median Range Median Range Median Range

IgM 25 5 - 138 7 2 - 23 21 7 - 270

IgG 410 72 - 1452 52 17 - 248 25 4 - 156

Ig Total 24 4 - 132 6 2 - 22 12 3 - 101

Frequency of antigen-speci�c B cells in naïve, non-class-switched

and class-switched memory B cells

Wells containing antigen-speci�c Ig were detected by agglutination experiments (anti-
D) or antigen-speci�c ELISA (anti-TT), and the number of antigen-speci�c B cells per
1.0x106 subset-speci�c B cells was calculated (Fig. 1). Because the Ig production by
di�erent B cell subsets is di�erent, we corrected these numbers for the number of B cells
we found to actually produce Ig. This did not considerably change the relation of the
frequencies between the subsets (data not shown). In most donors the highest frequencies
of anti-D-speci�c B cells were within the class-switched memory B cells, except donor
RH5 in whom the frequencies were highest in the non-class-switched B cell subset. Si-
multaneously, two hyperimmunized anti-TT donors were analyzed. Remarkably, in donor
TT1 the frequency of anti-TT-speci�c B cells was highest in the naïve B cell subset (Fig.
1). One D-positive and two D-negative control donors, of whom one had received anti-
D prophylaxis in the past, were analyzed in the same way. The anti-D-speci�c B cells
are only present in immunized individuals as we did not detect anti-D immunoglobulin
producing B cells in any of these donors (data not shown).
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Figure 6.1: Frequency of antigen-speci�c B cells. The frequency of antigen-speci�c B cells is given as a

number of Ig-producing antigen-speci�c B cells per 1 million subset-speci�c B cells. B-cells

were sorted and cultured for 9-10 days in the EL4.B5 culture system. Supernatants were

tested by agglutination (D-antigen) or ELISA (TT). Frequency was estimated by limiting

dilution analysis. Black bars: CD27+IgM�, dark grey bars: CD27+IgM+, light grey bars:

CD27�, IgM+.

Distribution of antigen-speci�c B cells between di�erent B-cell

subsets

The frequency of antigen-speci�c B cells was highest in the class-switched memory B cell
subset, but this was also the smallest subset (Table 1). This means that the memory B
cell subset does not necessarily contain the largest absolute number of antigen-speci�c B
cells. To estimate the distribution of all antigen-speci�c B cells between the three di�erent
subsets, we used the antigen-speci�c B cell frequencies (corrected for Ig production) and
the size of each subset. Of all peripheral antigen-speci�c B cells, a median of 19% (range
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Table 6.4: Correlation analysis.

Correlation between anti-D serum titer and given parameters (n=5)

Parameter CD27� IgM+ a CD27+ IgM+ a CD27+ IgM� a Frequency b

Spearman r -0.9487 0.4326 0.9487 -0.1054

p-value (two-tailed) 0.0139 c 0.4669 0.0139 c 0.8660
a B cell subset sizes as a percentage of all antigen-speci�c B cells. b Frequency of one antigen-speci�c B cell

per given number of total peripheral B cells.c A p-value < 0.05 is considered signi�cant.

1-69%) were CD27+IgM� B cells and a median of 3% (range 0-29%) were CD27+IgM+

B cells. A median of 71% (range 2-99%) of all antigen-speci�c B cells were CD27�IgM+

B cells (Table 2). In all donors, except donor RH5, there were hardly any CD27+IgM+

(non-class-switched memory) antigen-speci�c B cells (0-9%), but more than 51% (even
up to 99% in donor TT1) were CD27�IgM+ antigen-speci�c B cells, classically de�ned as
naïve B cells, indicating that the IgM-producing antigen-speci�c B cells in these donors
were not marginal zone B cells. To investigate how these cells contribute to the anti-
D immune response, we correlated the presence of this subset with the anti-D titer.
Remarkably, a negative correlation was found between the percentage of anti-D-speci�c
CD27�IgM+ B cells and the serum anti-D titer, determined by Spearman's correlation
test. (Table 4).

Naïve, transitional and CD27_ memory B cells

The CD27� B-cell subset was further divided into an ABCB1+ (naïve) and an ABCB1�

(CD27� memory) B cell subset by the ability or inability of these cells to export Rho123,
respectively (21). The proportion of ABCB1�Rho123+ B cells ranged from 16% to 48%
(median 26%, Fig 2) of the total CD27� B cells. Experiments were performed on thawed
cells, which showed a decreased Ig production (as described above, Table 3B), resulting in
fewer wells producing antigen-speci�c Ig. Therefore, frequencies could not be estimated
from the serial dilutions. However, the number of wells producing anti-D was counted
and is shown in Figure 3.
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Figure 6.2: The distribution of di�erent B-cell subsets, as de�ned by the expression of CD27 and

ABCB1 (by means of Rho123), is given as percentage of the total number of CD19+

peripheral B cells. The last bar depicts the distribution as described by Wirths and Lan-

zavecchia. Black bars: CD27�Rho123�, dark grey bars: CD27�Rho123+, light grey bars:

CD27+Rho123+.

Figure 6.3: Each B-cell subset was sorted and cultured for 9-10 days in the EL4.B5 culture system.

The number of anti-D-containing wells was determined from 288 tested wells. Black bar:

CD27�Rho123�, dark grey bars: CD27�Rho123+, light grey bars: CD27+Rho123+.
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In donor RH3 no anti-D-speci�c B cells were found at all, probably due to a decreased
viability of the cells after thawing. In agreement with the data from the �rst set of
experiments, the frequency of anti-D-speci�c B cells was highest in the CD27+ B cell
subsets (Figure 3). However, in the CD27� B cell subset, anti-D-speci�c B cells were
almost exclusively found in the ABCB1�Rho123+ B-cell subset, and in only one out of
four anti-D donors anti-D-speci�c B cells were detected in the ABCB1+Rho123� B cell
subset, indicating that the IgM-producing CD27� B cells were not naïve cells but memory
cells.

Discussion

In this study we analyzed the frequencies of anti-D-speci�c B lymphocytes in di�erent
B-cell subsets in �ve hyperimmune anti-D donors, two hyperimmune anti-TT donors
and three non-immunized donors by limiting dilution in a CD40-CD40L culture system.
Four anti-D donors had been hyperimmunized for 12 years or longer, and the titer of
their anti-D had been high (varying from 1:4 000 to 1:64 000) although the titers at the
time of the plasmapheresis were lower. This is consistent with our previous study, in
which we showed that a hyperimmunized donor gradually became unresponsive to boost
immunizations (7).

The Ig production in the di�erent B-cell subsets was as expected, i.e. predominantly
IgM production in the CD27� (naïve) B cell subsets and predominantly IgG production in
the CD27+ (memory) B cell subsets. Remarkably, 1 of 8 �class-switched� memory B cells
produced IgM. Although cells were sorted twice, we cannot exclude that this population
was �contaminated� with IgM-expressing B cells. The frequency of Ig-producing cells in
the fresh B-cell subsets are in agreement with frequencies in our previous study (13). For
the studies involving Rho123 staining, we could only use thawed, vapor-phase-nitrogen-
frozen MNCs from these donors; this resulted in a lower frequency of viable Ig-producing
cells. Nevertheless, the distribution of IgM and IgG production was similar in the CD27�

and CD27+ fractions of fresh and cryopreserved cells, indicating a random survival of B
cells after freezing and thawing.

The highest frequency of anti-D-speci�c B cells was found in the memory B cell sub-
set (Fig. 1), as expected. This is in agreement with the �ndings of Nanan et al. and
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Bernasconi et al., who showed that memory B cells accumulate after every reimmuniza-
tion and remain elevated over the years (9, 10). The frequency of anti-D-speci�c B cells
has been investigated only once before by Pasha et al. (24), who studied the peripheral
B-cell population in nine naturally immunized D-negative women by EBV immortaliza-
tion of peripheral B cells and culture these cells in limiting dilution. The frequencies
of anti-D-speci�c B cells varied greatly, from 1:150 to 1:27 850, which partly re�ected
the di�erent anti-D titers between these individuals. In the present study, frequencies
ranged from 1:500 to 1:100 000 in the anti-D donors, which is consistent with the results
of Pasha et al.. In contrast, we found no signi�cant correlation between the frequency of
anti-D-speci�c B cells in the total peripheral B cell population and anti-D serum titers.
(Table 4).

Bernasconi et al. did show a correlation between the frequency of anti-TT-speci�c
B cells in the total CD27+ peripheral B-cell population and the anti-TT IgG levels
in the serum (10). However, the CD27� memory B cells are largely contributing to the
frequency of antigen-speci�c B cells measured in our culture system, and we even observed
a signi�cant negative correlation between the percentage of CD27�IgM+ anti-D-speci�c
B cells in the total anti-D-speci�c B-cell population and the serum anti-D titer, which
explains the lack of a correlation between the frequency of antigen-speci�c B cells and
serum titer. In our previous study (13), we found a high frequency of anti-D-speci�c B
cells containing somatically mutated IgM genes in hyperimmunized anti-D donors, which
might resemble circulating marginal zone B cells (19). We postulated that anti-D-speci�c
B cells that are CD27+IgM+ might be overrepresented in anti-D donors. Although the
frequency of anti-D-speci�c B cells was highest in the CD27+IgM� memory B cell subset,
it is the second smallest B cell subset and does therefore not necessarily represent the
subset with the absolute largest numbers of anti-D-speci�c B cells. After taking the
relative size of each subset into account, most anti-D-speci�c B cells were found to be
CD27�IgM+ (Table 2). It is therefore unlikely that the high numbers of anti-D-speci�c B
cells producing somatically mutated IgM are CD27+IgM+ (non-class-switched memory)
B cells, as hypothesized earlier.

The lack of anti-D-speci�c B cells in the CD27� B-cell subset in non-immunized D-
negative persons, as well as the presence of antigen-driven somatic mutations in anti-D
IgM, argue that this large number of anti-D-speci�c CD27� B cells are not naïve cells.
Wirths and Lanzavecchia have shown that the CD27� B cell subset can be further divided
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according to the expression of the ATP-binding-cassette B1 (ABCB1) transporter (21).
The CD27�ABCB1� subset comprises transitional cells but also bona �de memory cells
(25). We divided the naïve B cell subset into a Rho123-positive and -negative fraction,
but we did not discriminate between transitional and CD27� memory B cells in the
CD19+CD27�Rho123+ subset. However, transitional cells are cells emerging from the
bone marrow that up-regulate ABCB1 and become quiescent naïve B cells, and most
probably, these cells are not the Ig-producing cells in the CD27�Rho123+ B cell subset.

Indeed, we found that within the CD27� population the antigen-speci�c B cells were
mainly CD27�ABCB1�(Rho123+) in each donor, and in 3 of 4 anti-D donors anti-D-
speci�c B cells were found only in this subset. Wirths and Lanzavecchia showed that
around 4% of the CD27�ABCB1� cells were IgG-positive (21). However, when they cul-
tured these cells, only IgG1 and IgG3 were produced, which can be attributed to their
culture system in which IgG-producing cells but not IgM-producing cells are stimulated.
In our culture system both IgG- and IgM-producing B cells are stimulated, which is in
accordance with Fecteau et al., who showed that all naïve B cells are activated if cul-
tured for more then seven days (22). Our data suggest the existence of IgM+CD27�

memory B cells in addition to IgG+CD27� memory B cells (25). In fact, these cells
are the predominant antigen-speci�c B cells circulating in both anti-D and anti-TT hy-
perimmunized donors, indicating that this feature is not limited to the nature of the
immunogen. Curiously, these cells appear not to be involved in the class-switched mem-
ory response, because the presence of these cells is negatively correlated with the anti-D
serum titer (Table 4). We hypothesize therefore that the emergence of these cells dur-
ing (hyper)immunization might be related to the antibody-mediated B cell suppression
involved in the regulation of antibody titers.

In this study, we have analyzed for the �rst time the frequency of anti-D-speci�c B
cells in di�erent B cell subsets in hyperimmunized anti-D donors and shown that most
anti-D-speci�c B cells are IgM-positive. Our data suggest that these B cells are CD27�

memory B cells (CD19+CD27�ABCB1�). Moreover, we have shown that the percent-
age of anti-D-speci�c B cells that are CD27� and IgM+ are negatively correlated with
serum anti-D titers in hyperimmunized anti-D donors, indicating that these cells do not
directly contribute to the maintenance of serum titers. Further research into these B cell
subsets will result in a better understanding of B cell dynamics during hyperimmuniza-
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tion and may lead to more favorable immunization protocols for optimal immunoglobulin
homeostasis for both general vaccination and hyperimmunization protocols.
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Abstract

The mechanism of anti-D prophylaxis in hemolytic disease of the fetus and newborn
is not clear yet and neither is the mechanism of anti-D (hyper)immunization, although
it is known to be a multifactorial process not just depending on the antigen. In this
study we analyzed di�erent genetic factors that might be involved. The frequency of
HLA-DRB1 alleles, an IGHV insert/deletion polymorphism at the IGH locus containing
two IGHV3 superspecies genes, and FCGRII(A,B,C) and FCGRIII(A,B) polymorphisms
were determined. We examined two di�erent study groups; 50 hyperimmunized anti-D
donors and 165 D-negative pregnant women producing anti-D despite anti-D prophylaxis,
which were compared with Dutch bloodbank donors and 193 D-negative pregnant women
without anti-D. Genotyping of the HLA-DRB1 locus was performed by standard typing
assays. IGHV insert polymorphism was determined by an insert-speci�c PCR. FCGR
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polymorphisms were determined by multiplex ligation-dependent probe ampli�cation. A
signi�cant association between the HLA-DRB1*15-positive phenotype and anti-D hyper-
immunization (42% versus 26% in Dutch blood bank donors, P = 0.01) was observed.
The gene frequency was also higher in D-negative pregnant women who made anti-D
(allele frequency = 0.18) than in D-negative pregnant women who did not make anti-D
(0.12, P = 0.03). The HLA-DRB1*04 phenotype was found to have a protective e�ect for
RhD immunization during pregnancy (21% in immunized D-negative pregnant women
versus 34% in non-immunized D-negative pregnant women, P = 0.01). No signi�cant
di�erences were found in any group for the IGHV insert and FCGR polymorphisms. We
conclude that of the examined genetic factors the HLA-DRB1 genotype has a signi�cant
in�uence on anti-D immunization. Better understanding of more genetic factors in�uenc-
ing anti-D immunization might lead to a better management of alloimmunization against
RhD.

Introduction

The RhD protein is, next to the ABO system, the most important blood-group system,
because the RhD antigen is highly immunogenic, and anti-D antibodies are capable of
causing hemolytic transfusion reactions and hemolytic disease of the fetus and newborn
(HDFN). When a large amount of D-positive red cells (>200 ml) is transfused to D-
negative subjects, in 90% of the donors an immune response is ultimately elicited, and
only 10% of the individuals can be considered as non-responders. However, in about 10%
of responders the response can only be measured by decreased survival of D-positive red
cells or after several further injections of D-positive cells (1). When smaller amounts
of red cells are given, the frequency of non-responders is much higher (up to 50%),
suggesting the existence of intermediate or poor responders (1). Similarly, a large group of
poor responders was seen among D-negative individuals entering the Dutch anti-D donor
program. Less than 80% of the naturally immunized D-negative women and only 20% of
deliberately immunized men developed high anti-D titers (>1:1 000) after regular boosted
immunizations (Sanquin Diagnostics, unpublished results). Before the introduction of
immunoprophylaxis, about 17% of D-negative women exposed to D-positive fetal red cells
became immunized (2), but only a minority of these immunized women had su�ciently
high antibody titers during subsequent pregnancies to cause severe HDFN. All these data
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together clearly indicate that the ability to produce antibodies to RhD, as well as the
magnitude of the immune response varies among individuals. It is tempting to speculate
that genetic factors underlie these di�erences in response.

Genetic loci involved in the alloimmune response to red cells in Biozzi mice have been
identi�ed by the group of Puel. High (H) and low (L) antibody responder lines of mice
were produced by selective breeding, and gene mapping studies revealed that besides the
MHC loci also the IgH locus, and loci at chromosomes 4,6, 8 and 10 contributed to the
polygenic control of the H/L di�erence (3, 4).

The genetic factors that have been studied thus far for linkage with responsiveness to
RhD are mainly the HLA antigens. In most earlier studies, only HLA class-I antigens
have been investigated, but no consistent association to a speci�c HLA marker has been
reported (5, 6, 7, 8, 9, 10). Some investigators found weak associations with either HLA-
A1 (11), HLA-A3 (12, 13) or HLA-A9 (14), but these have not been con�rmed in other
studies. So far, only a few studies on a limited number of immunized individuals included
association with HLA class-II antigens. In two studies, on 26 donors and 24 donors an
assocation was found between anti-D respondership and the HLA-DRw6 and the HLA-
DQB1 antigen, respectively (15, 16). More recently Stott et al. found a remarkably high
frequency (48%) of the HLA-DRB1*15 antigen in 13 hyperimmunized anti-D donors (17).
Moreover, an anti-D immune response can be elicited in HLA-DRB1*15 transgenic mice
(18). As the HLA-DRB1 locus is the major restricting element for T helper cells speci�c
for RhD protein epitopes (17), we focused in this study on HLA-DRB1.

As mentioned above also the IgH locus has been found to be involved in high and low
respondership to red cells in mice (3, 4). Polymorphisms in the Ig locus may involve
duplication of a functional IGHV segment on some haplotypes. The resulting variation
in germline composition of the IGHV locus may directly in�uence IGHV gene utilization.
We as well as others have shown a highly restricted usage of IGHV3 superspecies genes
in anti-Rh immunoglobulins (19, 20, 21, 22, 23, 24). Two genes belonging to this IGHV3
family are located in a 50-kb insertion of 5 genes (3-30-5, 4-30-4, 3-30-3, 4-30-2, 4-30-1),
present in a haplotype with a gene frequency of 45% (25, 26). The presence of additional
IGHV3 family genes might increase the probability of a B lymphocyte containing an
IGHV3 gene rearrangement. We therefore hypothesized that this IGHV insert might be
overrepresented in D-negative individuals who readily produce anti-D.
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Di�erent cellular e�ector functions and disease associations have been described for
FcγR polymorphisms (27). Ig-coated human red cells are cleared from the blood circula-
tion by mononuclear phagocytic cells in the spleen (28, 29). The Fcγ receptors on these
cells facilitate the opsonophagocytosis of the red cells, and this process can thus be in�u-
enced by polymorphic forms of these FcγRs. Indeed, signi�cant di�erences in clearance of
anti-D-coated red cells have been found in individuals, depending on FcγRIIIa-(158F/V)
(29, 30) and the FcγRIIa-(131R/H) polymorphisms (30). The clearance of D-positive red
cells is one of the factors that might be of importance in the development of the humoral
anti-D response (31, 32). More recently it has also been shown that genetic variations in
the inhibitory FcγRIIb (232 I/T, and promoter polymorphisms -386G/C and -120T/A

of FCGR2B) are involved in balancing the immune response, and disease associations
with various (auto)immune diseases (33, 34, 35), including immune cytopenias, have
been found (36). Furthermore, both the clearance of red cells via the activating FcRs
and the negative feedback mechanism on immunoglobulin homeostasis via the FcγRIIb
receptor have been postulated to be involved in the working mechanisms of the anti-D
prophylaxis (31, 32). We hypothesized that immunization to RhD during pregnancy is
not only related to genetic factors controlling the immune response, but might also be
linked to factors contributing to failure of immunoprophylaxis.

The mechanism of action of anti-D immunization, anti-D hyperimmunization and anti-
D immune tolerance by anti-D prophylaxis is not clear yet. A better understanding of
genetic factors that are involved in these immune reactions might lead to better screenings
opportunities for D-negative pregnant women at risk of anti-D immunization and for
selection of anti-D donors. Therefore, we analyzed in this study the distribution of HLA-
DRB1 alleles, the allelic IGHV insert polymorphism, the presence of functional SNPs in
the FCGR locus, and the FCGR2B promoter polymorphism in groups displaying di�erent
anti-D immune responses.

Materials and methods

Donor material

We selected in 2005 �fty hyperimmunized anti-D donors (HIDs) with the highest max-
imum anti-D titers from our total pool of 300 anti-D donors. Nineteen of these donors
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were male volunteers deliberately immunized in the 1980s. The other anti-D donors were
females, naturally immunized during pregnancy. All donors had titers over 1:1 000 after
four subsequent booster immunizations. The highest recorded anti-D serum titers in these
donors ranged from 1:8 000 to 1:128 000. Ages ranged from 36 to 70 years, with a median
of 56. EDTA-anticoagulated blood was obtained between 2005 and 2007 from 165 D-
negative pregnant women with anti-D antibodies, detected by serology at their 12th week
of gestation and a positive antibody-dependent cellular cytotoxicity (ADCC) test result.
Median age was 33 years (range 20 to 42 years). ADCC test results ranged from <10% to
>80%, with a median of 10% and an average of 25%. From all donors informed consent
was obtained. We do not know whether the women received any anti-D prophylaxis, but
based on a recent nation wide study on the e�ectivity on the Rh-immunoprophylaxis
program in the Netherlands, we can safely assume that at least 90% of the study group
developed an anti-D immune response despite receiving both antenatal and postnatal
anti-D prophylaxis.

To obtain a control group for the immunized pregnant women, we also isolated DNA
from 193 pregnant D-negative Dutch women whose blood was sent to our national ref-
erence laboratory for routine 30th week antibody screening and who had not developed
anti-D antibodies. The RhD status of possible previous children in this group is unknown,
and we therefore have included women who might be able to develop an anti-D immune
response in future. As an estimation of their ethnicity, the two groups of pregnant
women were selected upon their Dutch family names, according to the 'Dutch Family
Name Database' of the Meertens Institute of the Royal Netherlands Academy of Arts
and Sciences (www.meertens.knaw.nl/nfd). DNA was isolated from MNC fractions af-
ter Ficoll-Paque separation, by means of Qiagen Spin Column Kits (Qiagen, Venlo, The
Netherlands) according to the manufacturer's manual. This DNA was stored at −80 ◦C
until use. Anti-D titers and ADCC were determined by Sanquin Diagnostics according
to standardized protocols. ADCC assay (with monocytes as e�ector cells) was performed
according to Engelfriet et al. (37).

HLA-DR typing

Typing for the HLA-DRB1 locus was done by PCR and hybridization, applying the
Dynal RELI SSO HLA-DRB Typing kit (Invitrogen, Breda, the Netherlands) according
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to standardized protocols (accredited by the European Federation of Immunogenetics
(EFI)). This system can detect all DRB alleles except DRB4*0301N. By application
of a secondary HLA-DRB*01/11/13/14 test, 99.5% of combinations are unambiguously
resolved.

IGHV insert ampli�cation

We used forward and reverse oligonucleotides as published by Walter et al. (25) to am-
plify speci�cally the IGHV4-30-2 allele, which screens for donors who have the IGHV

insert. In short, 10 ng of DNA were ampli�ed with IGHV4-30-2 speci�c forward (5'-
GCTGCAGGAGTCCGGCT-3') and reverse (GGTTCTTGGACCTGTCT-3') oligonu-
cleotides on a GeneAmp PCR system 9700 (Applied Biosystems, Foster City, CA, USA),
resulting in a 90-base-pair product that was analyzed by electrophoresis on a 1.2% agarose
gel containing ethidiumbromide.

FCGR polymorphisms

FCGR polymorphisms were analyzed by multiplex ligation-dependent probe ampli�-
cation (MLPA) as described elsewhere (36). In short, MLPA probes were designed
speci�c for the known (functional) SNPs in FCGR2A (131H/R), FCGR2B (232I/T),
promoter of FCGR2B and FCGR2C (�386 G/C), FCGR3A (158V/F) and FCGR3B

(HNA1a/HNA1b/HNA1c). In addition, probes speci�c for the FCGR2A, FCGR2B,
FCGR2C, FCGR3A and FCGR3B genes were designed to determine copy number vari-
ation. Probes were constructed in collaboration with MRC-Holland and embedded in a
standard MLPA kit. The MLPA assay was performed according to the �rst description
by Schouten et al. (38). Due to the high homology between the promoters of the FCGR2B
and FCGR2C genes, the MLPA assay does not discriminate between polymorphisms at
position �386 of these two genes. As individuals with FRGR2B uncommon promoter
haplotype �386C �120A have higher FcγRIIB expression (39), we con�rmed the presence
of this haplotype in FCGR2B by a nested PCR. In the �rst PCR 250 ng of DNA was am-
pli�ed with the Expand Long Template PCR kit by Roche (Almere, the Netherlands) by
means of a consensus promoter-speci�c primer and an FCGR2B-intron-6-speci�c primer,
as described elsewhere (35). Nested PCR reactions were performed on the resulting 15-
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kb PCR product with a �386C-speci�c forward primer (5'-GGTGCACGCTGACCTC-3')
and a �120A-speci�c reverse primer (5'-AAAGGGGAAGTGAAAAACAT-3').

Statistical analysis

Di�erences in frequencies of IGHV insert, FCGR polymorphism andHLA-DRB1 between
control and study groups were analyzed by Pearson's Chi Square test. If an expected
number in a contingency table was less than 10, Fisher's exact test was used instead. All
analyses were performed using 'R': A language and environment for statistical computing
(R Foundation for Statistical Computing, Vienna, Austria).

Results

HLA-DRB1 split antigens

The HLA-DRB1 locus was typed in 50 hyperimmunized donors (HIDs) with high anti-
D titers and in 165 pregnant women who produced anti-D. The HLA antigens of the
hyperimmunized anti-D donors were compared to the frequency previously found in 2 440
unrelated Dutch Caucasoid blood donors (40). Both hyperimmune anti-D donors and
blood donors are mainly of autochtonous Dutch origin. In contrast, pregnant women
are of younger age, and their genetic background may di�er from Dutch blood donors.
We tried to exclude possible ethnic di�erences by selecting Dutch family names, but in
addition we also included a more appropriate control group consisting of 193 D-negative
pregnant women without anti-D antibodies. Split antigens were counted in each study
group and compared to the control groups (Table 1).
The phenotype frequencies of all split antigens in the D-negative pregnant group with-

out anti-D production did not di�er from the control group of blood donors. The phe-
notype frequency of HLA-DRB1*15 was signi�cantly higher in hyperimmunized anti-D
donors (42%) than in the controls (26%) (χ2 = 6.84, P = 0.01). Distribution of the
remaining HLA-DRB alleles was not signi�cantly di�erent in HIDs and controls. The
phenotype frequency of HLA-DRB1*15 was also higher in D-negative pregnant women
producing anti-D (32%) than in the control group of non-anti-D producing D-negative
pregnant women (24%), but this di�erence did not reach signi�cance (P = 0.08). The
genotype frequency of the HLA-DRB1*15 allele was, however, signi�cantly higher (P =
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Table 7.1: HLA-DRB1 phenotype results in Caucasian controls (blood bank donors and D-negative

pregnant women) and D-immunized individuals (hyperimmune donors (HID) and D-

immunized pregnant women).

pregnant pregnants

controlsa HID controls with anti-D

(n=2440) (n=50) p-valuec (n=193) (n=165) p-value

DRB1*1 19.7b 20 n.s. 21.8 24.8 n.s.

DRB1*3 25.0 26 n.s. 20.7 22.4 n.s.

DRB1*4 28.3 34 n.s. 34.2 21.2 p=0.01

DRB1*7 19.2 20 n.s. 20.7 21.2 n.s.

DRB1*8 5.4 0 n.s. 6.7 2.4 n.s.

DRB1*9 2.4 4 n.s. 2.6 3.0 n.s.

DRB1*10 4.2 8 n.s. 4.1 3.0 n.s

DRB1*11 14.2 10 n.s. 14.5 13.3 n.s

DRB1*12 4.6 2 n.s. 6.2 7.3 n.s

DRB1*13 28.4 20 n.s. 28.5 24.2 n.s

DRB1*14 5.4 2 n.s. 7.3 4.8 n.s

DRB1*15 25.5 42 p=0.01 23.8 32.1 p=0.08

DRB1*16 1.8 0 n.s. 1.6 4.8 n.s

aDutch blood bank donors from Schipper et al. bPercentage of phenotype-positive individuals is given.
cp-value determined by Pearson's Chi Square test. n.s. = non signi�cant (p < 0,05).

0.026) in the group of pregnant women with anti-D (0,18%) compared to the D-negative
women without anti-D (0,12%). In the group of D-negative women with anti-D the
frequency of the HLA-DRB1*4 allele was signi�cantly lower (21%) than in the control
group (34%)(P = 0.01). In contrast, in the group of HIDs this allele was certainly not
underrepresented (34% in HID vs 28% in controls). The phenotype frequency of the HLA
alleles did not di�er between the group of women with high ADCC activity (>10%) and
low ADCC activity (10%) (data not shown).

IGHV insertion

The majority of IGHV genes used by anti-D belong to the IGHV3 superspecies family.
Two of these IGHV genes are located on a segment of the IGH locus that is not present
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Table 7.2: Phenotype frequency of the IGHV insert.

pregnant pregnants

controlsa HID controlsb with anti-D

(n=30) (n=50) (n=152) (n=152)

IGHV insert present 22 (73%) 37 (74%) 122 (80%) 109 (72%)

IGHV insert absent 8 (27%) 13 (26%) 30 (20%) 43 (28%)

aControls for hyperimmune anti-D donors were 10 individuals from Walter et al. and 20 Dutch

Caucasoid individuals who were analyzed in the same way as the study group. bD-negative pregnant

women without anti-D were used as controls for pregnant women with anti-D.

in all individuals. We analyzed 50 hyperimmune anti-D donors and 152 anti-D-producing
pregnant women for the presence of this IGHV insert by means of an IGHV4-30-2-speci�c
PCR (Table 2). There was no signi�cant di�erence between the study groups and control
groups, although anti-D-immunized individuals tended to have more often a homozygous
deletion of the IGHV insert compared to controls (P = 0.08). It was not possible to
design an assay speci�c for the absence of the insert.

FCGR polymorphism

The FCGR loci were analyzed for 6 di�erent Single Nucleotide Polymorphisms (SNP) in
FCGR2A, FCGR2B, FCGR2C, FCGR3A and FCGR3B, and for copy number variation
(CNV) of FCGR2C, FCGR3A and FCGR3B by multiplex ligation-dependent probe am-
pli�cation (MLPA). Genotype and allele frequencies were determined for 5 SNPs in all
hyperimmunized donors. A group of 100 Dutch healthy donors, published elsewhere (36),
was used as control. No signi�cant di�erences in allele frequencies were found for any
of the 5 SNPs (Table 3), nor for CNV or genotypes (data not shown) . The �386G/C

SNP, which is present in both the FCGR2B and FCGR2C promoter region, was the
sixth SNP that was determined by MLPA, screening PCR and/or long range PCR. As
�386C �120A induces higher FcγRIIb expression (39), we con�rmed the presence of this
haplotype in FCGR2B by a nested PCR . No signi�cant di�erences were found between
the hyperimmune donors and the control group. The FCGR2B promoter polymorphism
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was also tested in 71 pregnant women with anti-D. A similar allele frequency was found
in these women (11%) as in the control group (12.5%).

Discussion

In the present study we analyzed di�erent genetic factors that may in�uence the humoral
anti-D immune response. We studied a group of hyperimmunized anti-D donors and a
group of women who became immunized during pregnancy. The former group represents
high responders, as this group consists of individuals who responded with high titers
of antibodies upon hyperimmunization. A bias, especially in the latter group, will be
caused by the fact that almost all these women became immunized despite immunopro-
phylaxis, so genetic factors involved in the protective e�ect of anti-D will in�uence the
results. A signi�cant association (P = 0.01) between the HLA-DRB1*15 allele and hy-
perimmunization against anti-D was observed . This association of HLA-DRB1*15 with
hyperimmunization has been described before in a smaller group of hyperimmune donors
(P = 0.039, n=13) (18). In the group of immunized pregnant women a signi�cantly higher
gene frequency of the HLA-DRB1*15 allele was observed, but the phenotype frequency
was not signi�cantly increased. This suggests that the presence of this HLA-allele might
be more related to high respondership, rather than to the susceptibility to RhD immu-
nization. This observation is of relevance for the selection of donors enrolling the anti-D
hyperimmunization program, as preferably high responders are needed as hyperimmune
donors.

Two previous studies reported a positive correlation between the serologically de-
�ned DRw6 allele and anti-D respondership in deliberately immunized D-negative Polish
(n=21) and British (n=26) men (41, 15). By applying more speci�c genotyping methods
in larger groups of immunized individuals we could not con�rm an association between
DRB1*7 and anti-D immune response. Unexpectedly, we observed a negative associa-
tion between DRB1*4 allele and the development of an immune response to RhD during
pregnancy. Because four women who produced anti-D were homozygously positive for
DRB1*4, this protective e�ect cannot be explained by lack of binding of Rh-peptides to
DRB1*4. It might therefore be possible that the observed association with DRB1*4 is
caused by linkage disequilibrium across other HLA and non-HLA genes (42). More exten-
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Table 7.3: Allele frequencies of FCGR polymorphisms.

HID Breunis et al.

Allele (n=50) (%) (n=100) (%) p-value

FCGR2A

131H 55 (55) 108 (54)

131R 45 (45) 92 (46) 0.87

FCGR2B

232I 88 (88) 177 (88.5)

232T 12 (12) 23 (11.5) 0.90

FCGR2C

STOP 83 (85.6) 186 (91.2)

ORF 14 (14.4) 18 (8.8) 0.14

FCGR2B/C

-386G 82 (82) 175 (87.5)

-386C 18 (18) 25 (12.5) 0.22

158F 60 (60) 141 (69.5)

158V 40 (40) 62 (30.5) 0.10

FCGR3B

HNA1a 36 (37.1) 77 (37.7)

HNA1b 61 (62.9) 127 (62.3) 0.92

HNA1c (SH+) 4 (8) 4 (4)

HNA1c (SH-) 46 (92) 96 (96) 0.44a

ap-value determined by Fisher's exact test.
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sive association studies on the susceptibility to RhD immunization and polymorphisms
in the MHC locus are needed to understand this observation.

The IGH locus was found to be involved in high and low respondership by gene map-
ping in Biozzi mice (3, 4). We as well as others have shown that the IGHV gene usage
in anti-D immunoglobulin is restricted to the IGHV3 superspecies genes (3-30, 3-30.3,
3-30.5, 3-21 and 3-33) (19, 20, 21, 22, 24, 23). Two of these genes are present in a
50-kb insert located around the centre of the IGH locus (25, 26). We postulate that
the presence of two extra IGHV3.30 alleles might increase the presence of naïve B cells
containing these alleles and might lead to a higher chance of anti-D production. How-
ever, our results did not indicate that this IGHV insert was more frequently present
in hyperimmunized donors and D-negative pregnant women producing anti-D in com-
parison to control groups. On the contrary, there seemed to be even more immunized
pregnant women with a homozygous absence of the insert compared to the control group
of D-negative pregnant women, but this di�erence did not reach signi�cance. Unfortu-
nately , due to technical reasons, it was not possible to investigate whether the insert
was homozygously or heterozygously present. So far, the homozygous absence of this
insert has been studied in only a few patient groups. Interestingly, the absence of the
insert was found more frequently in patients with systemic lupus erythematosus (SLE)
(43, 44) and chronic idiopathic trombocytopenic purpura (ITP) (45). This suggests
that the IgH haplotype lacking this insert is somehow associated with development of
(auto)antibodies.

The last genetic risk factors we studied, were FCGR polymorphisms by MLPA in 50
hyperimmunized donors, and compared the frequencies with these present in a healthy
Dutch control group. A slower clearance rate of anti-D-coated red cells, and thus a
longer presentation of the antigen to B and T-helper lymphocytes, might add to the
hyperimmune status of the anti-D donor. There was a 10% higher allele frequency of the
FCGR3A-158V polymorphism, but this was not signi�cant, and no signi�cant di�erences
were found for the other allele frequencies either. It appears that the clearance rate of
red cells does not in�uence the hyperimmunization. A possible association with failure
of immunoprophylaxis will be studied in our group of pregnant women with anti-D. The
FcγRIIb receptor is the only Fc receptor that contains an immunoreceptor tyrosine-based
inhibitory motif (ITIM). This receptor has a negative feedback regulation on antigen-
speci�c B cells. Moreover, it was recently shown that the FcγRIIb receptor controls bone-
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marrow plasma-cell persistence and apoptosis (46). The SLE phenotype is associated
with the FCGR2B �386C/C promoter genotype (34, 35), which is based on a di�erent
expression pro�le of the FcγRIIb receptor on leukocytes (39).
Anti-D hyperimmunization and the failing protection of the anti-D prophylaxis in D-

negative pregnant women might also be in�uenced by an impaired feed-back mechanism
based on the FCGR2B promoter polymorphism (32). However, our results show no sig-
ni�cant di�erences in genotype frequencies of the FCGR2B/C �386G/C polymorphism,
neither in hyperimmunized anti-D donors nor in D-negative pregnant women producing
anti-D. A possible di�erence in copy number variation (CNV) of the FcγRII and FcγRIII
genes is presently under investigation. The expression of the FcγRIIb receptor is not just
based on the promoter region polymorphism or CNV, but also other proteins, regulated
by di�erent cytokines, are involved in the transcriptional regulation of the FCGR2B

gene (47, 48). Especially tumor necrosis factor α (TNFα), interleukin 10 (IL-10) and
interleukin 13 (IL-13) alter the transcriptional activity (49). In future studies we will
investigate the in�uence of polymorphisms in these cytokines on the anti-D immune
response.
In conclusion, in this study we investigated di�erent genetic factors; IGHV insert poly-

morphism, FCGR polymorphisms, FCGR2B promoter polymorphism and HLA-DRB1

genotype frequencies in three di�erent D-negative study groups; hyperimmunized anti-
D donors, pregnant women producing anti-D despite prophylaxis and pregnant women
not producing anti-D. To the best of our knowledge, this is the �rst study that exam-
ined the genotype frequencies of the IGHV insert and FCGR polymorphisms in anti-D
(hyper)-immunization. Although no signi�cant di�erences were found, further research
into cytokine polymorphisms in these individuals is warranted. Furthermore, we de�ni-
tively show that the HLA-DRB1*15 allele is associated with anti-D hyperimmunization.
Moreover, the HLA-DRB1*04 allele might have a protective e�ect, although more re-
search is needed for a de�nite conclusion. HLA genotyping, and especially screening for
HLA-DRB1*15, might be a useful method to improve the hyperimmunization program
and to select D-negative pregnant women at risk for anti-D immunization. A more exten-
sive study of larger populations is needed to unravel the multigenetic basis of the anti-D
immune response.
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8 General Discussion and Summary

The Rh blood-group system and its importance for blood transfusion practice was �rst
described in 1940 by Landsteiner and Wiener (1). However, in 1939 Levine and Stet-
son already described an unusual case of haemolytic disease of the foetus and newborn
(HDFN) (2), which was later attributed to the formation of anti-Rh antibodies by the
mother. Around 16% of all Caucasians are D-negative, and therefore this disease should
have been rather common at that time. A century ago, however, foetal death due to other
causes (e.g. famine and infectious diseases) was not uncommon; therefore, exact num-
bers attributable to HDFN are not known. A Dutch study, performed in 1969, showed a
prevalence of 3.53% of anti-D immunisations in Dutch D-negative pregnant women (3).
At the end of the 1960's, on both sides of the Atlantic Ocean, an empirical prophylaxis
consisting of the administration of anti-D antibodies to D-negative pregnant women led
to a signi�cant decrease in the incidence of HDFN (4, 5). Although this prophylaxis was
highly e�ective, it was not based on any scienti�c evidence and would never have been
a feasible procedure when it would have been proposed in this era of Evidence-Based
Medicine. This thesis aims to further our understanding of the molecular basis of anti-
Rh antibodies and the cellular basis of the production of these antibodies by di�erent
B lymphocytes. Furthermore, it presents the �rst study on immunological factors in�u-
encing the production of anti-Rh antibodies in subjects with di�erent anti-Rh immune
responses.

The molecular basis of the anti-Rh immune response

Antibodies against RhD have been studied at a molecular level by many groups using
di�erent techniques. The most apparent �nding was the restricted use of a small family
of IGHV genes in these antibodies (6, 7, 8, 9). This so-called IGHV3 superspecies gene
family (IGHV3s) consists of the IGHV3-30, IGHV3-30.3, IGHV3-30.5, IGHV3-21 and
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IGHV3-33 genes which are >98% homologous. Until the end of the 1990s the production
of Epstein-Barr virus (EBV) immortalized B-cell lines and the production of hybridoma
cell lines were used to investigate antigen-speci�c B cells. These techniques were very
laborious procedures, and the success rate was generally low (10). Phage-display tech-
nology was developed in the 1990s, which was less laborious and larger numbers of B
cells in the immune repertoire could be studied (11, 12, 13, 14). Moreover, this tech-
nique made it possible to create large arti�cial libraries containing immunoglobulin genes
from di�erent individuals or �ne-tuned immunoglobulin genes by site-directed mutage-
nesis. However, this is also the disadvantage of this technique, because selected phages
containing a certain heavy- and light-chain gene combination hardly represent the gene
combination as naturally present in the B lymphocytes of the donor.

In chapter 2 of this thesis, we describe a di�erent method to analyze B cell reper-
toires, in our case the repertoires of two hyperimmunized anti-D donors. The system is
based on the direct culture of single B lymphocytes with EL4.B5 thymoma cell lines as
feeder cells and stimulatory T cell supernatant, as described by the group of Zubler (15).
More than 80% of cultured B lymphocytes produced antibodies, which were analyzed
for antigen speci�city. This success rate is remarkably higher than for techniques based
on EBV immortalization and hybridoma-cell lines. We added a new feature to this sys-
tem by analyzing the immunoglobulin genes of single B cells producing anti-D by PCR
and subsequent nucleotide sequencing. Thus, the immunoglobulin genes of the selected
antigen-speci�c B cells represent the in vivo situation. Moreover, the analyzed gene
products were cloned into a vector system leading to the production of complete IgG or
IgM, as described earlier by the group of Logtenberg (16). Analysis of the B cell immune
repertoire of an individual of interest and the subsequent production of antigen-speci�c
immunoglobulin with an isotype of one's own choice has been made less laborious and
more e�ective with our system.

The immunoglobulin genes studied represent the natural combination of the heavy
and light chains as present in the B lymphocyte of the donor, unlike the phage-display
technique. However, the restricted use of IGHV3s genes in anti-D producing single B
lymphocytes in our study con�rms that this restriction is indeed a feature linked to the
RhD protein and is not due to �aws of the hybridoma technique, EBV-immortalization
or the phage display technique. Chang and Siegel related the restricted IGHV3s gene
usage to the small protruding part of the RhD protein on the red cell membrane and

130



Chapter 8

to the small changes (only 2 amino acids in some cases) in antibodies with di�erent
epitope speci�city (8). They proposed a new epitope model for the RhD protein based
on the idea of a single footprint for anti-D antibodies (Fig. 3 of the introduction of this
thesis). This model was highly debated by the group of Avent, who created a new epitope
model, based on the analysis of six erythroleukemic cell lines expressing di�erent hybrid
Rh constructs (17). These hybrid Rh constructs were based on an RhCE backbone in
which they replaced one extracellular loop for one of the RhD protein. The same group
analyzed the relationship between the Rh proteins and the ammonium transport proteins
(Amt) in lower organisms, con�rming and re�ning their existent model (18). The single-
footprint model has become less likely with the new (probably more correct) models of
the Rh proteins based on these Amt-proteins. However, the idea of a single-footprint
model by Chang and Siegel was created from the view of the anti-D antibodies, which
is the clinically more interesting view. We hypothesize that the anti-D antibodies are
restricted to a general footprint, leading to the use of IGHV3s genes, and can be further
divided into six basic footprints representing the epitope model of the group of Avent.
Further analysis of antibodies speci�c for the six di�erent Rh hybrid constructs could
give more insight into the hypothesis of this six-basic-footprint model.

A second, but not mutual exclusive, hypothesis for the restricted use of IGHV3s genes
in anti-D has been described by Boucher et al. (7). These investigators calculated the
cationic strength of the proteins encoded by all IGHV genes and found that the IGHV3
genes encode proteins that are most cationic of them all. They concluded that anti-D
antibodies have to be restricted to the IGHV3 genes in order to overcome the zeta-
potential of the red-cell membrane to reach the hardly protruding RhD protein. This
means that a restriction in IGHV3s genes should also be present in non-anti-D anti-Rh
antibodies, which we indeed found as described in chapters 3 and 4. Hoever, we recently
created soluble peptides that mimic loops 2 and 4 from the Rhc polypeptide and are
cross-reactive with all anti-Rh monoclonal antibodies but do not react with monoclonal
antibodies directed against other blood-group antigens (Verhagen et al., unpublished re-
sults). Antibodies reacting with these peptides do not have to overcome a zeta-potential,
thus making the restricted use of IGHV3s genes less likely due to this zeta-potential.

Anti-D antibody research was based on the study of B cells obtained from hyperim-
munized anti-D donors only, including our own study in chapter 2. Hyperimmunized
individuals have high numbers of anti-D-speci�c B cells, which is a pre-requisite for the
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e�ective production of EBV-immortalized B-cell lines or hybridoma-cell lines (10). We
postulate that the restricted use of IGHV3s genes could be a result of the survival of
certain B-cell clones after hyperimmunisation and is therefore not representative for RhD
speci�city but rather for RhD a�nity. Therefore, we analyzed the B-cell immune reper-
toire in a D-negative woman who produced anti-D antibodies in the last trimester of
her third pregnancy (Chapter 3). She did not have any reported anti-D antibodies in
previous pregnancies, and therefore we considered this to be an early anti-D immune
response. We analyzed her B-cell immune repertoire by phage display, because we could
not obtain fresh leukapheresis material from her. Nevertheless, the majority of selected
anti-D-speci�c phages (16 of 18) made use of the IGHV3s genes. We showed that the
IGHV3s gene usage is therefore not limited to hyperimmunized donors, but is also present
in the naturally immunized early anti-D immune response.

The mother in chapter 3 also produced anti-G and anti-C antibodies, which were also
studied by phage display and red cells with di�erent Rh phenotypes. Two of the 5 anti-G-
speci�c phages, and both anti-C-speci�c phages, used the IGHV3s genes, indicating that
this gene usage is also present in anti-Rh antibodies other than anti-D. To con�rm this
idea, we studied the B cell immune repertoire by phage display in a D-positive pregnant
woman who produced anti-C, anti-e and anti-Fya antibodies during pregnancy (Chapter
4). Only 1.5% of all pregnant women who produce irregular erythrocyte antibodies
produce anti-e (Koelewijn et al., OPZI study, Sanquin Research), and therefore analysis
of the clinical importance of anti-e antibodies has been restricted to case reports (19, 20).
None of these reports analyzed the anti-e antibodies at the molecular level. We show
for the �rst time that anti-e-speci�c phages obtained from the immune repertoire of a
naturally immunized individual made use of the IGHV3s genes. Anti-C titres were very
low in this mother, which might explain why we did not �nd any anti-C speci�c phages.
We conclude that the restricted use of IGHV3s genes in anti-Rh antibodies is present in
hyperimmunized and in naturally immunized individuals. Furthermore, it is present in
anti-Rh antibodies other than anti-D and is most probably due to general characteristics
of Rh proteins, supporting the hypothesis of a common antibody footprint.
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Chapter 8

The cellular basis of the anti-Rh immune response

The anti-D immunoprophylaxis is made from the plasma of D-negative individuals who
have been hyperimmunized with D-positive blood. However, not all D-negative individ-
uals can be hyperimmunized, and only plasma from individuals with anti-D titres above
1:1 000 can be used. Preferably D-negative women, who had a primary anti-D immune
response during pregnancy, are hyperimmunized once they are over 45 years of age or
when there are other reasons for not getting pregnant anymore (e.g. hysterectomy).
In the 1980s, also D-negative men without irregular erythrocyte antibodies were asked
to enrol into the hyperimmunisation program. This procedure has been terminated in
the Netherlands for ethical reasons, i.e. the induction of irregular erythrocyte antibod-
ies in healthy individuals. The biggest threat to the anti-D immunoprophylaxis is its
own success. Almost all D-negative women in the Netherlands receive anti-D, leading
to irresponsiveness to (hyper)immunisation. The production of anti-D in the Nether-
lands depends on approximately 250 hyperimmunized D-negative individuals and more
are needed to maintain the prevention of HDFN. In the last decade many attempts
have been made to produce recombinant anti-D, most notably the BRAD-3 and BRAD-
5 monoclonal anti-D antibodies by the group of Kumpel (21) and another monoclonal
anti-D by the group of Miescher (22). Although the �rst results of the clinical analysis
look promising, no recombinant monoclonal or polyclonal anti-D with the same e�cient
prophylactic features as the natural anti-D preparation has been found.

There is no scienti�c basis for the hyperimmunisation protocol, which was made in the
1960s and has not much changed since then. Red cells of the R2r phenotype from closely
monitored healthy red-cell donors are used as immunogen. Primary immunisation of D-
neg donors has not been very successful. In a Dutch study in which male volunteers were
immunized with small doses of D-pos red cells, no anti-D was detected after repetitive
injections in 50% of the cases, and in only 20% of the immunized males the titer became
high enough (>1:1 000) to recruit them as anti-D plasma donor. Nowadays only women,
mostly primary immunized by (a) previous pregnancy(ies) are enrolled in the anti-D
donor program. The �rst four immunisations are given at a four-week interval until titres
are above 1:1 000. At each subsequent plasma donation anti-D titres are determined, and
a boost immunisation is given when titres drop more than two-fold. Anti-D donors (and
as a matter of fact all blood donors) are allowed to donate plasma until they are seventy
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years of age. But unfortunately, around 20% of these donors are not able to donate up
to this age because of decreasing anti-D titres despite boost immunisations.

In chapter 5, we analyzed the anti-D immune response in a hyperimmunized anti-D
donor who had to terminate the anti-D hyperimmunisation program, because of de-
creasing anti-D titres and unresponsiveness to boost immunisations. The anti-D immune
repertoire of this donor was studied at the molecular level and was subsequently linked to
the cellular peripheral B-cell response. The study of the restricted use of IGHV3s genes
in the anti-Rh immune response has been con�rmed and broadened by our previous stud-
ies. In this study we even show that the anti-D-speci�c phages in this hyperimmunized
donor are restricted to the IGHV3s genes and are clonally related. These results might
have been a �aw of the phage-display technique, and therefore we analyzed the periph-
eral B-cell immune repertoire of this donor with a clone-speci�c PCR method. Indeed,
the clonally related phages correlated with the presence of a high-frequent B-cell clone
with the same junctional regions. We observed that the decrease in the anti-D titre in
this hyperimmunized donor coincided with the presence of a high-frequent B-cell clone
and hypothesize that this might be due to either clonal selection or exhaustion of other
anti-D-speci�c B cell clones. Moreover, in collaboration with the group of Urbaniak we
showed that the helper T cells of this donor were stimulated by only one of a restricted
set of 15-mer polypeptides derived from the RhD protein. However, we could not link
the restricted use of this stimulatory polypeptide to the HLA status of the donor or to
the RhD epitopes that stimulate the B cells of this donor. More studies on larger groups
of such individuals are needed to understand the induction of this immune tolerance or
desensitization mechanism.

Eight of eleven B cells in the study described in chapter 2 were of the IgM isotype,
showed somatic hypermutations and were the largest group of B cells with anti-D speci-
�city. However, these cells were derived from the peripheral B-cell pool, and analysis of
the plasma cells producing the anti-D antibodies would be a more ideal research setting.
Unfortunately, these cells reside in the spleen and bone marrow, which makes such a
study unfeasible in voluntary anti-D donors. In chapter 6, we further analyzed the fre-
quency of anti-D-speci�c B cells in di�erent B-cell subsets of the peripheral B-cell pool.
The high-frequent cells found in chapter 2 were thought to be circulating marginal-zone
B cells. This is a recently recognized group of B cells that are characterized by the ex-
pression of CD27 and IgM (23). The function of these cells is still a matter of debate, but
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Chapter 8

they might play a role in the defence against intravascular pathogens (24, 25). After ana-
lyzing �ve hyperimmunized anti-D donors, however, we found that these IgM-expressing
anti-D-producing B cells are in fact CD27� B cells. Recently, the group of Lanzavecchia
showed that CD27� B cells that do not express the ATP-binding cassette-B1 protein
(ABCB1) are in fact memory B cells (26). In a second set of experiments described in
chapter 6, we showed that our CD27� anti-D-speci�c B cells do not express the ABCB1
protein either. The number of these cells in the peripheral B cell pool of hyperimmu-
nized anti-D donors correlated negatively with the anti-D titre in those donors. The
decreasing anti-D titres and the development of these CD27� memory B cells might be
coincidental, but could also be an explanation for the 20% of hyperimmunized anti-D
donors who become 'unboostable'. The detection of anti-D-speci�c B cells is still limited
to the analysis of culture supernatants of these cells for the presence of anti-D antibod-
ies. Conformational proteins mimicking Rh-epitopes or anti-idiotypic antibodies against
anti-D antibodies could help in identifying these B cells. Despite some e�orts to create
anti-idiotypic antibodies by phage-display technique and rabbit immunisations, we do
not have such a protein at hand. Remarkably, in anti-tetanus toxoid (TT) donors the
phenomena of decreasing titres in hyperimmunized donors is also observed (27). Thera-
peutic anti-TT antibodies are made from the plasma of hyperimmunized donors as well.
Moreover, tetanus toxoid can be used to identify anti-TT speci�c B-cells. In chapter 6,
we used two anti-TT donors as controls and also found CD27� anti-TT speci�c B cells in
these donors. Therefore, the relation of these cells to the antibody titre can be further
studied by analyzing anti-TT donors. A better understanding of the role of these B cells
on B cell homeostasis and antibody titre could help us in developing better immunisation
strategies for the hyperimmunisation of donors.

Immunological factors in�uencing the anti-Rh immune

response

The development of the anti-Rh immune response is not just based on B cell homeostasis,
but also involves the stimulation of B cells by helper-T cells and dendritic cells present-
ing (parts of) the Rh proteins to the B cells. In chapter 5, we show the presence of
an anti-D-speci�c clonal B cell response in a hyperimmunized anti-D donor, and show
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that in the same donor the response to T cell epitopes is limited. A causative rela-
tionship between these two phenomena could not be proven. In chapter 7, we analyzed
di�erent immunological factors that are known to in�uence the immune response, i.e.
HLA-DR markers, Fc-receptor polymorphisms and IGHV -locus polymorphisms. These
factors were studied in individuals displaying di�erent anti-D immune responses: hy-
perimmunized, naturally immunized and a failing anti-D prophylaxis. The group of
Urbaniak noticed a remarkable overrepresentation of HLA-DRB1*15 in 8 hyperimmune
anti-D donors (28). These investigators created an HLA-DRB1*15 transgenic mouse and
showed that they could elicit an anti-D immune response in this mouse (29). We found
that the HLA-DRB1*15 marker and the development of an anti-D immune response is
only present in hyperimmunized individuals, but is not present in the natural anti-D
immune response. There was no signi�cant relation between Fc-receptor polymorphisms
and anti-D immune responses. However, the IGHV insert polymorphism was present in
more pregnant D-negative women who did not produce anti-D (80%) than in pregnant
D-negative women with failing anti-D prophylaxis (72%). These results were opposite
to what we had expected, and therefore larger groups of pregnant D-negative women in
which anti-D prophylaxis failed have to be studied to answer these new questions. Other
factors that might in�uence the immune response, like interleukin-10 polymorphisms,
have also been proposed. The advanced high-throughput screening of gene polymor-
phisms by microchip array renders it possible to analyze larger groups of individuals
with di�erent anti-D immune responses. Unravelling the anti-D immune response is a
pre-requisite to continue hyperimmunisation programs, to develop recombinant anti-D
prophylaxis and to prevent HDFN.
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Samenvatting

Ieder mens is anders en toch verschillen we onderling niet zo veel in vergelijking tot
andere organismen. Zo is het ook met bloedgroepen. Velen van ons delen dezelfde
bloedgroep maar tussen mensen met verschillende bloedgroepen kan er een wezenlijk en
levensbelangrijk verschil zitten. Naast (de meest bekende) ABO bloedgroep bestaan er
nog vele andere bloedgroepsystemen waarvan het Rhesus bloedgroep systeem er één is.
Deze bloedgroep wordt bepaald door de Rhesus eiwitten die op de rode bloedcel tot ex-
pressie komen; de RhD en RhCcEe eiwitten. Het RhCcEe eiwit brengt vier verschillende
antigenen tot expressie; ce, Ce, cE en CE. RhD brengt alleen het D antigen tot expressie,
er bestaat geen 'd' antigen. Er bestaan echter wel heel veel varianten van het D antigen.

De Rhesus eiwitten worden gecodeerd door de RHCE en RHD genen. Door hun unieke
rangschikking op chromosoom 1 kunnen zij onderling nucleotiden, of zelfs hele stukken
van het gen, uitwisselen. Dit leidt tot de vele varianten van het D antigen. Het RhD eiwit
is het meest immunogeen na de ABO eiwitten. Dit komt doordat er geen antithetisch 'd'
antigen bestaat en het RhD eiwit maar liefst 37 aminozuren verschilt ten opzichte van
de RhCcEe eiwitten. Het immuunsysteem van personen die het RhD eiwit missen zal
derhalve geactiveerd worden wanneer het in contact komt met rode bloedcellen waarop
het RhD eiwit zit. In mindere mate gebeurt dit ook met het immuunsysteem van personen
die in aanraking komen met rode bloedcellen met een ander RhCcEe eiwit dan dat zij
zelf hebben. De zo gevormde antisto�en worden anti-D, anti-c, anti-C, anti-e of anti-E
genoemd.

De vorming van deze antisto�en kan leiden tot de afbraak van rode bloedcellen waarop
de overeenkomstige Rhesus antigenen aanwezig zijn. Bij personen die een bloedtransfusie
hebben gehad met bloed van een niet overeenkomstige Rhesus bloedgroep kunnen daarop
levensbedreigende afweer reacties krijgen. Bij auto-immune hemolytische anemie zijn
anti-D antisto�en die de patiënt tegen zijn eigen RhD eiwit vormt, vaak de oorzaak
van de afbraak van zijn eigen rode bloedcellen. Een bekender probleem van anti-Rhesus
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antisto�en zien we bij D-negatieve vrouwen die zwanger zijn van een D-positief kind.
Meestal wordt in de eerste zwangerschap anti-D opgewekt waarna het tot bloedafbraak
kan leiden in de D-positieve foetussen van volgende zwangerschappen. Deze kinderen
worden bestempeld als Rhesus-kindjes, die bij de geboorte anemisch zijn en snel icterisch
worden. We spreken dan van hemolytische ziekte van de foetus en pasgeborene. In
ernstige gevallen is er sprake van kernicterus met neurologische schade en hydrops foetalis
wat kan leiden tot de dood.

Sinds de jaren '60 krijgen D-negatieve zwangere vrouwen anti-D toegediend. Het ve-
randert het immuunsysteem van de vrouw dusdanig dat zij zelf geen anti-D meer gaat
vormen wanneer zij zwanger is van een D-positief kind. De werking van deze immuno-
profylaxe is nog niet geheel opgehelderd. Het anti-D wordt bereid uit plasma van D-
negatieve personen die zich vrijwillig hebben laten inenten met D-positief bloed waarop
zij hoge titers anti-D gaan vormen. Hyperimmunisatie wordt in Nederland (bijna) alleen
nog maar toegepast bij D-negatieve vrouwen die ooit in het verleden een primaire im-
muunrespons tegen D hebben ontwikkeld. Dit laat direct het probleem zien: door de
afname van het aantal D-negatieve vrouwen die een primaire anti-D immuun respons
hebben, zijn er steeds minder vrouwen die gehyperimmuniseerd kunnen worden wat leidt
tot schaarste van de anti-D immunoprofylaxe. Er zijn in de afgelopen jaren wel recom-
binante preparaten gemaakt en getest maar nog geen daarvan voldoen aan de eisen om
het polyclonale humane anti-D preparaat te vervangen.

In dit proefschrift worden studies beschreven waarin de moleculaire, cellulaire en indi-
viduele eigenschappen van de anti-D immuun respons (en anti-Rhesus in het algemeen)
zijn onderzocht, met als doel meer inzicht te verscha�en in de immunisatie tegen Rhesus
antigenen om zo de immunisatie beter te kunnen voorkomen of te bestrijden en de hyper-
immunisatie te kunnen bevorderen. In hoofdstuk 1 wordt een algemene inleiding gegeven
over bloedtransfusie, het Rhesus bloedgroep systeem, de basisprincipes van de immuun-
respons en meer speci�ek de bestaande kennis op dit gebied in verband met anti-Rhesus
immunisatie.

In hoofdstuk 2 wordt een nieuwe techniek beschreven waarin we de B lymfocyten van
een anti-D donor uit het bloed isoleren en deze kweken waarna we de antigen-speci�eke B
cellen kunnen isoleren en onderzoeken. Niet alleen is dit een nieuwe en elegante methode
om antigen-speci�eke antisto�en te analyseren maar ook om ze te produceren. Boven-
dien bevestigen wij in deze studie de reeds bestaande hypothese dat anti-D antisto�en
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gecodeerd worden door een beperkte groep immunoglobuline genen van de zware keten,
de IGHV3s genen.

Deze hypothese was echter, net als in onze studie, gebaseerd op het antistof repertoire
van hyperimmune anti-D donoren of op die van arti�ciele phage display banken. Een
phage display bank is een techniek om het antistof gen-repertoire van een individu in
bacterie-speci�eke virus deeltjes (phages) te cloneren en vervolgens daaruit de gewen-
ste anti-Rhesus-speci�eke antisto�en te selecteren met behulp van rode cellen die de
overeenkomstige Rhesus eiwitten tot expressie brengen. In hoofdstuk 3 beschrijven we
voor het eerst de analyse van een phage display bank van een vrouw met een primaire
anti-D respons die daarnaast ook anti-C en anti-G (een speciaal soort anti-Rhesus) pro-
duceerde. In hoofdstuk 4 beschrijven we de analyse van een phage display bank van een
andere vrouw die een primaire anti-e respons had. In beide hoofdstukken laten we zien
dat de IGHV3s beperking ook bij een primaire immunisatie aanwezig is en bovenal dat
deze niet beperkt is tot anti-D maar tot alle anti-Rhesus antisto�en.

In hoofdstuk 5 beschrijven we de analyse van 2 phage display banken die gemaakt zijn
van de lymfocyten van een hyperimmune anti-D donor die ondanks immunisatie dalende
anti-D titers had. In deze vrouw waren de zware-keten-genen niet enkel tot IGHV3s

beperkt, maar waren de geselecteerde genen zelfs clonaal gerelateerd. Bovendien lieten
we een beperking zien van het reactie patroon van de T lymfocyten van deze donor met
verschillende Rhesus peptiden. Hoewel dit een causaal verband suggereert, mag dat op
basis van onze studie niet geconcludeerd worden.

De studie die beschreven wordt in hoofdstuk 2 laat nog iets bijzonders zien: de gese-
lecteerde anti-D speci�eke B lymfocyten produceerden voornamelijk IgM en niet, zoals
verwacht, IgG. Het onderzoek naar de herkomst van deze cellen wordt beschreven in
hoofdstuk 6. Wij laten voor de eerste keer zien dat er een aanzienlijke hoeveelheid anti-D
speci�eke CD27� (een marker voor B cel memory) IgM+ B lymfocyten bestaan in hyper-
immune donors. Hun percentage is negatief gerelateerd aan de anti-D titer. Dit fenomeen
wordt in hyperimmune anti-D donors gezien en ook in hyperimmune anti-tetanus donors
en maakt waarschijnlijk deel uit van de B cel homeostase in hyperimmunisatie.

D-negatieve personen reageren verschillend op het contact met D-positieve rode bloed
cellen. Ongeveer 20% van deze mensen maken nooit anti-D en van de mensen die wel een
respons ontwikkelen zijn er 25% die niet gehyperimmuniseerd kunnen worden. Ondanks
dat D-negatieve zwangere vrouwen de anti-D immunoprofylaxe krijgen, zijn er nog steeds

149



vrouwen die wel een anti-D respons ontwikkelen. De basis van deze verschillende anti-D
immuun responsen is nog niet goed begrepen. In hoofdstuk 7 hebben we drie genetische
systemen onderzocht die bij de afweer betrokken zijn: de HLA-DRB1 antigenen, de Fcγ-
receptor polymor�smen en een IGHV -insert polymor�sme. We bewijzen hier voor het
eerst dat het HLA-DRB1*15 antigen signi�cant betrokken is in het ontwikkelen van een
hyperimmune anti-D respons.
Ten slotte worden de bevindingen uit de voorgaande studies in hoofstuk 8 bedis-

cussieerd en in het perspectief geplaatst van onze huidige kennis van de moleculaire,
cellulaire en individuele eigenschappen van de anti-Rhesus immuun respons. Tevens
worden er voorstellen gedaan voor verder onderzoek.
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Dankwoord

�Doorzettingsvermogen, een lange adem hebben, met tegenslagen kunnen omgaan en bij
de tiende mislukte proef toch weer een elfde durven te doen�. Dat waren de woorden
van de sollicitatie commissie van de afdeling Experimentele Immunohematologie van het
CLB in 2000. Eigenschappen waarvan ik dacht er over te beschikken, na een studie
geneeskunde in België. Het feit dat we nu zeveneneenhalf jaar verder zijn, laat zien dat
dat ten dele wel opgaat. Doorzetten was het en de tegenslagen waren groter dan ik
vantevoren kon vermoeden. Het schrijven van dit proefschrift is dan toch eindelijk gelukt
en dat zou niet mogelijk zijn geweest zonder de hulp van anderen. Het is onmogelijk
iedereen die betrokken is geweest hier te noemen. Ik wil dan ook iedereen die bijgedragen
heeft, direct dan wel indirect, van harte bedanken. Enkele mensen wil ik wel graag
uitlichten.

Bewondering heb ik voor alle anti-D donors, die zichzelf belangeloos laten inenten met
vreemd bloed om het anti-D preparaat te kunnen maken. Ik wil al deze donors en alle
andere bloeddonors, die belangeloos hun bloed hebben afgestaan voor de studies in dit
proefschrift, van harte bedanken. Er is één donor die ik in het bijzonder wil bedanken,
mevrouw K. waarover hoofdstuk 5 gaat. Zij was zo gemotiveerd om mee te doen met
dit onderzoek dat zij op speciale tijdstippen voor ons naar de bloedbank kwam. Zelfs op
haar verjaardag mocht ik bij haar thuis komen om nog wat bloed af te nemen omdat het
gezien de planning met Schotland niet op een ander moment kon. Daar vertelde ze me
ook haar persoonlijk verhaal en werd het me nog duidelijker hoe belangrijk het onderzoek
naar Rhesus immunisatie is.

Ellen van der Schoot, mijn enige en echte promotor. Jij weet de meest creatieve
ideeën, structuren en verbanden uit totale chaos te halen. Jouw eindeloze optimisme
over proeven, waar ik meestal uiterst somber over was, bleken toch vaak tot iets te
leiden. Je hebt me altijd veel ruimte gegeven om mezelf op zowel wetenschappelijk en
persoonlijk gebied te ontplooien. Met name dat laatste ging gepaard met diepe dalen.
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Jouw woorden, dat promoveren ook een persoonlijke ontwikkeling is, hebben me hierin
altijd gesteund. Bedankt voor alle steun, vertrouwen en kansen die je me hebt gegeven.

Dirk Roos, als hoofd van IH-E ben ik initieel bij jou in dienst gekomen. Jouw op-
merkingen bij afdelings werkbesprekingen hebben me vaak geholpen het probleem van
een hele andere kant te bekijken. Jouw kritische oog bij het nakijken van manuscripten
hebben beduidend bijgedragen aan de leesbaarheid ervan. Ernest Briët en Cees Aaij,
bedankt voor jullie steun die ik kreeg als interim-hoofd van het stamcellab en de motiv-
erende gesprekken. Masja de Haas, eigenlijk was jij een soort pseudo-co-promotor maar
dat heb je zelf nooit zo gezien. Zonder jouw hulp en bemiddeling waren verschillende
hoofstukken nooit van de grond gekomen.

�Zonder super analist is dit project niet uit te voeren�, was één van de commentaren
bij mijn onderzoeksproject. Onno, jij was die super analist die al begonnen was voordat
ik er bij kwam. Dit proefschrift had inderdaad nooit geschreven kunnen worden zonder
jouw hulp en enorme technische kennis. Ik ben heel blij en dankbaar dat je bij de
verdediging naast me wilt staan. Wees niet bang, niemand zal weten van de roze kamer
met bloemetjes behang waarin we moesten overnachten bij ons bezoek aan Cambridge.
Lieve Mirte, we hebben heel wat gediscussieerd over Rhesus en over alles wat niet met
research te maken had. Toch heb ik niet voor jou maar voor je man gekozen als paranimf.

Lieve Judy, een echte vriendin zegt waar het op staat, ook als het je niet bevalt. Behalve
jouw technische bijdrage aan dit proefschrift heb je een enorme bijdrage geleverd aan mijn
persoonlijke ontwikkeling. Door jou ben ik gaan zingen waarin ik een heerlijke uitlaatklep
heb gevonden. Jij weet enorm goed te relativeren en hebt me daarmee vaak geholpen.
Je kinderen gingen zich wel eens afvragen of ik ook kostgeld moest betalen voor al die
keren dat ik bij jullie heb gegeten. Een geluk dat Bram niet jaloers is, want we zijn vaak
samen op pad geweest en hoop dat in de toekomst ook nog te doen.

Lieve Carlijn, ik heb even gezocht naar de plaats die jij in mijn dankwoord moest
hebben. In de praktijk ben jij mijn co-promotor geweest, ondanks dat je niet helemaal
thuis bent in het onderwerp. Ik mocht jou vervangen in het stamcellab en je hebt me
in een korte tijd veel geleerd. Nadat je terugkwam uit de VS heb je me moreel enorm
gesteund met het onderzoek en in mijn persoonlijk 'zware jaar' heb je veel voor me
betekend.

Dear Stan and Lisa, I am so grateful for our collaboration, which is described in
chapters 5 and 7 of this thesis. I will never forget that I was supposed to send cryomaterial
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to Lisa but inadvertently sent it to Stan's home address. We were lucky with the Stan's
friendly neighbour, who was willing to clear out her domestic freezer to store our samples.
Arend Mulder en Anneke Brand, 'jullie cellulaire' en 'onze moleculaire' kennis hebben
geleid tot een nieuwe en elegante methode van antistof onderzoek. Het was prettig
samenwerken en onze discussies leverden altijd weer iets op.

Mijn naaste collega's zaten bij elkaar in het Rhesusgroepje (Mirte, Martine, Nigel,
Goedele, Aïcha, Gestur). We hadden de werkbesprekingen samen, hielpen elkaar bij
de nodige proeven en ook buiten het werk deden we leuke dingen. Ste�en, Jessica en
Leonie, bedankt dat jullie als student bij mij stage wilden lopen. Dit proefschift is ook
een beetje van jullie. Erik Mul, wat een lol om samen met jou in de 'dark-room' (MoFlo)
te zitten turen naar een straaltje water waar mijn cellen doorheen gingen. Met Pauline
en Leonie erbij was het feest compleet. Zonder secretariaat en bibliotheek ben je niets
in het onderzoek, Anita, Marlies en Elin bedankt. Maar ook de andere collega's van de
afdeling die mij hebben geholpen (zoals Eloise, Marion, Irma, Bernadette, ...) mag ik
hierbij niet vergeten.

Vanuit de diagnostiek afdelingen kon ik vaak reagentia en mankracht lenen. De mensen
van de afdeling immunocytologie (Christa, Lily, Ingrid, Rob, Eric, Marc, Mariette, Ver-
ena, Margreet) hebben in hun isolatieschema ook mijn hyperimmune donoren mee kunnen
nemen waardoor het werk een stuk lichter werd. De afdeling rode cel serologie is te groot
om iedereen te noemen maar de gezellige gekte daar maakte het druppelwerk een stuk
leuker. Beste Peter L. (beter bekend als Piet) bedankt voor het druppelen dat je me
hebt geleerd en de vraagbaak die je was voor alle serologische vraagstukken waarmee de
hoofdstukken 3 en 4 een betere vorm kregen. Beste Daan, dankzij jou ben ik door al
die database problemen heengekomen en speelde je voor intermediair bij het verkrijgen
van de juiste queries. Lieve Peter K. (beter bekend als Peer en ook buiten het werk een
vriend) bedankt voor het regelen van de logistiek voor het verkrijgen van het materiaal
voor hoofdstuk 7.

In 2001 ben ik dankzij Maarten bij het artsengroepje van de CLB bloedbank gekomen.
We gingen 1 of 2 keer per week met een bus met prikassistenten het land in om bloed in te
zamelen. Deze avonden, die soms tot ver in de nacht doorliepen, waren enorm gezellig en
leerzaam. In deze tijd heb ik zoveel CLB'ers leren kennen dat ik jullie onmogelijk allemaal
bij name kan noemen. Het is jammer dat deze periode van bloedinzameling voorbij
is. Hierna ben ik keuringsarts geworden bij de bloedbank Noordwest. Dankzij Peter,
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Hans, Renne en Ria heb ik meer kennis op kunnen doen in bloed(component)afname en
plasmaferese. In de bloedbank Purmerend vond ik op woensdagavond mijn vaste stekje
en heb ik een grandioze tijd gehad met Linda en haar meiden.

Een zeer leerzame en uitdagende tijd heb ik gehad als interim-hoofd van het stam-
cellaboratorium. Dit is de tijd geweest waarbij ik mij zeer op mijn plaats voelde en met
een leuke groep mensen mocht samenwerken. Lieve Ria, ondanks dat je al met pen-
sioen was, ben je gebleven om mij te ondersteunen bij mijn taken. Ik heb veel van jou
geleerd en met name het conscientieus werken. Lieve Ada, jij liet me versteld staan van
je werkkracht en doorzettingsvermogen en je hebt me veel geleerd over de verschillende
technieken die werden toegepast. Anahid, Aster, John en Margreeth, hard hebben we
gewerkt om de nodige kwaliteitsdocumenten te schrijven en op peil te houden. Ik kijk
terug op een hele prettige samenwerking met jullie en vooral het 'gepsychologiseer' mis
ik wel.

Lieve Anna, samen in Antwerpen gestudeerd, een huis gedeeld en ook onze medische,
wetenschappelijke en culturele interesses liggen niet ver van elkaar. Dankzij jou ben ik
in aanraking gekomen met het CLB. Samen met Hugo hebben we veel gediscussieerd
over het AIO-schap en nu zijn we ook beiden internist in opleiding. Een vriendschap
die van heel veel waarde is. Lieve Harold, een groot deel van mijn AIO tijd ben je er
voor mij geweest. Je hebt me ook gesteund bij mijn herintrede in het ziekenhuis en we
hebben samen veel leuke dingen beleefd. Verder zijn er heel veel vrienden die ik wel eens
verwaarloosd heb maar die er altijd voor me waren. De 'Barnies', het is bijzonder om na
zoveel jaar nog steeds een vriendengroep zijn. Simon en Dideric, bij jullie eten is altijd
een feest. Dear Michael, Frank and Paul, my overseas friends, thanks for your support
and friendship. Tanja en Nancy, lekker gek, altijd leuk. Tineke de Vries, bedankt voor
al onze diepgaande gesprekken en het kweken van inzicht.

Aan mijn familie heb ik veel steun gehad in tijden dat het niet zo goed liep. Mieke
en Ada, bedankt voor de vele wandelingen die we gemaakt hebben en de gesprekken die
daarbij loskwamen. John, Gon en Vincent, mijn surrogaat-ouders en broertje, bedankt
voor jullie steun en liefde. Lieve Mieke, je weet niet half hoeveel je hebt bijgedragen aan
dit proefschrift. Door jouw interesse in het onderwerp werd ik gedwongen het begrijpelijk
uit te leggen waardoor ik vaak zelf tot nieuwe inzichten kwam.

Het is soms moeilijk te volharden wanneer je basis wankelt. Pa, ik heb de afgelopen
jaren veel van je geleerd en ik ben blij met de steun die ik van jou en Els heb gekregen.
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Ma en Egbert, bedankt voor jullie begrip en vertrouwen. Tot slot wil ik twee personen
bedanken die mij beter kennen dan wie dan ook, en aan wie ik veel te danken heb,
mijn broers Ramón en Marc. Zonder jullie steun en aanmoediging was het me nooit
gelukt. Met Mirjam en Cathelijne vormen jullie mijn basis, en met Sanne is het voor mij
compleet.
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