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Abstract

Human immunoglobulin heavy chain diversity is influenced by biases in the pairing of IGHD and
IGHJ genes, but these biases have not been described in detail. We have used high throughput
sequencing of VDJ rearrangements to explore DJ pairing biases in twenty-nine individuals. It was
possible to infer three contrasting IGHD-IGHJ haplotypes in nine of these individuals, and two of
these haplotypes include deletion polymorphisms involving multiple contiguous IGHD genes. We
were therefore able to explore how the underlying genetic makeup of the heavy chain locus
influences the formation of particular DJ pairs. Analysis of non-productive rearrangements
demonstrates that 3’ IGHD genes tend to pair preferentially with 5 IGHJ genes, while 5 IGHD
genes pair preferentially with 3’ IGHJ genes, and the relationship between IGHD gene pairing
frequencies and IGHD gene position is a near linear one for each IGHJ gene. Striking differences
are seen, however, in individuals who carry deletion polymorphisms in the D locus. The absence
of different blocks of IGHD genes lead to increases in the utilization frequencies of just a handful
of genes, and these genes have no clear positional relationships to the deleted genes. This suggests
that pairing frequencies may be influenced by additional complex positional relationships that
arise perhaps from chromatin structure. In contrast to IGHD gene usage, IGHJ gene usage is
unaffected by the IGHD gene deletion polymorphisms. Such an outcome would be expected if the
recombinase complex associates first with an IGHJ gene, before associating with an IGHD gene
partner.

Introduction

The mammalian immune system generates B cell receptors that are able to bind to almost
any conceivable antigen. The genes that encode the heavy chain variable regions of human
immunoglobulin molecules are formed by recombination of a variable (IGHV), a diversity
(IGHD) and a joining (IGHJ) gene, each selected from ordered clusters of IGHV, IGHD and
IGHJ genes (1) that map to chromosome 14 region q32.33 (2, 3). The diversity of antibodies
is in part an outcome of the combinatorial diversity that results from the many permutations
that are possible when these genes recombine, and this recombination process is usually said
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to involve essentially random rearrangement of V, D and J genes. It is clear, however, that
different genes are used at widely varying yet predictable frequencies (4-7).

Many factors have been reported to influence differential gene usage, with much attention
being focused upon the recombination signal sequences (RSS) that flank each V, D and J
gene. DNA cleavage in the gene recombination process is catalysed by the products of
recombination activation genes 1 and 2 (RAG1 and RAG2) (8, 9), and the RSS direct the
RAG recombinase complex to the correct position at which to cut the DNA. Each RSS is
composed of a conserved heptamer and a conserved nonamer, separated by spacers of either
12+1 or 23+1 base pairs (1). Both in vitro and in vivo studies have shown that variations in
the heptamer and nonamer sequences can influence the frequency of recombination between
genes (10, 11). The consequences of variation in the spacer sequences are less certain (12,
13).

The position of genes within the immunoglobulin gene locus has been reported to influence
recombination frequencies. Souto-Carneiro and colleagues reported that the more 3’ D genes
tend to pair preferentially with 5" J genes, while more 5’ D genes have a tendency to pair
with 3’ J genes (14). In a much larger study, Volpe and Kepler observed similar pairing
trends, leading them to propose a model in which multiple DJ rearrangements can be
successively generated prior to V to DJ rearrangement (15). This study utilized sequences
from the Genbank sequence database, and on the assumption that there is little variation in
rearrangement frequencies between individuals, these sequences were derived from
thousands of different individuals.

The human genome shows substantial variation between individuals at the immunoglobulin
gene loci. This has been most clearly demonstrated in studies that have compared VVDJ
rearrangements in different individuals using high throughput sequencing (4, 6). VDJ
rearrangement is an intra-chromosomal event, and datasets of \VDJ rearrangements can
therefore be used to infer the genes and allelic variants that are present on each chromosome
of an individual. Using this technique, contiguous deletions of a number of D genes have
been inferred, and these deletion polymorphisms appear to be present at relatively high
frequencies in the human population (6). A focus of analysis at the level of the chromosome
is also useful for the study of rearrangement frequencies and has shown that gene usage is
strongly affected by the genotype of the individual. Further evidence for genetic influence
on recombination has come from twin studies, which have shown patterns of gene usage
during VDJ rearrangement to be highly heritable (5, 16).

Population variation within the immunoglobulin heavy chain gene locus was recently
confirmed by the sequencing of the locus from a single chromosome (17), for this second
reported sequence of the complete locus was substantially different to the immunoglobulin
gene locus reference sequence (18). The new sequence also highlighted gene deletions and
gene duplications, as well as previously unreported allelic variants. All such variations could
be of consequence for studies of recombination and repertoire development.

In order to study the consequences of individual immunogenotypic variation on
recombination frequencies and biases in DJ pairing, we have studied large IGH repertoire
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datasets generated by deep sequencing of VDJ genes from a small number of individuals.
We determined the genotype of each donor, and grouped individuals according to three
dominant D gene haplotypes. Apparent positional biases in DJ pairing were seen, but there
were striking differences in the rearrangement frequencies of particular D genes in
individuals who carry deletion polymorphisms in the D locus. These differences suggest that
rearrangement frequencies are not simply the outcome of distances between genes. They
may also be a consequence of more complex positional relationships arising from chromatin
structure. A proper understanding of the biases in DJ pairing may therefore require a more
detailed knowledge of the chromatin remodelling and loop formation that brings distant
genes into closer proximity to one another during the recombination process (19).

Materials and Methods

Specimen collection and sequence generation

Ig gene sequence data sets were generated from samples of human peripheral blood that
were obtained under a Stanford University Institutional Review Board-approved protocol.
Participants were 28 healthy individuals and one subject with HIV infection. Data from 27
of these individuals has previously been published (20).

PMBCs were isolated as described previously (21) and genomic DNA (gDNA) and RNA
isolation was performed using Allprep kits (Qiagen). PCR amplification of VDJ
rearrangements from each sample were performed with six independent 100ng gDNA
aliquots, generating six independent bar-coded libraries per sample. PCR was carried out
with BIOMED-2 IGHV forward primers and a common IGHJ reverse primer (22) and 10-
nucleotide barcode sequences for sample and replicate library identity, as previously
described (21). High-throughput 454 (Roche) sequencing was performed using Titanium
chemistry.

Partitioning of VDJ sequences

Sequences were sorted into individual data sets based on the presence of perfect matches to
sample barcodes and to the first three bases of the J common primer. Samples were then
trimmed of barcodes and V primer sequences. VVDJ gene rearrangements were partitioned
into V, D, and J regions and V-D (N1) and D-J (N2) junctions using the alignment program
iHMMune-align (23) and the UNSWIg germline repertoire (http://
www.ihmmune.unsw.edu.au/unswig.php). The UNSWIg repertoire does not include
IGHD1-14 and IGHDG6-25 as there is no compelling evidence that the genes are capable of
rearrangement (24). The IGHD repertoire includes three IGHD2-2 alleles, but these only
differ at the ends of the sequences, and exonuclease removals of gene ends during the
recombination process frequently removes the critical nucleotides that make it possible to
distinguish between them. No attempt was therefore made to identify IGHD2-2 alleles.
Sequences containing D alignments of less than 8 nucleotides in length were removed from
the analysis, as were non-1GH artefacts, duplicate sequences and chimeric sequences. Out of
frame J genes were used to define non-productive sequences. As the sequences were
amplified from peripheral blood B cells, some sequences may have resulted from clonal
expansions in response to antigen. PCR and 454 sequencing errors can also give rise to sets
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of sequences that appear to have arisen through the process of somatic point mutation. To
reduce possible biases arising from the inclusion of multiple sequences from such clonal
lineages, all apparent lineages were subjected to filtering. Clones were defined as groups of
related sequences that shared V and J genes, and that had identical CDR3 sequences
following the exclusion of mutations within the IGHD. One representative sequence from
each clone was then included in the final dataset. Where sequences within a clone set carried
variable numbers of mutations, the least mutated sequence was selected as the representative
sequence.

Genotyping and haplotyping

Determination of genotypes and inference of haplotypes were carried out as described
previously (6). Some D genes were not included in the genotype analysis, and sequences
that appeared to include these genes were removed from the analysis. Three members of the
IGHD1 gene family (IGHD1-1, IGHD1-7, and IGHD1-20) were excluded from genotype
analysis as these genes are short and highly similar and therefore cannot be identified with
certainty. IGHD5-5 and IGHD5-18 were excluded as they share identical coding regions.
This makes it impossible to be certain of the germline source of this coding region within a
VDJ rearrangement. IGHDA4-4 and IGHD4-11 also share identical coding regions and were
excluded for the same reason. IGHD7-27 is so short that the loss of more than a few
nucleotides by exonuclease removals makes it essentially undetectable. The number of
detected VVDJ rearrangements that include IGHD7-27 provides no means by which the
number of undetectable IGHD7-27-containing rearrangements can be estimated. IGHD7-27
was therefore also excluded from genotype analysis. Although IGHD2-2 alleles were not
identified in the partitioning of VDJ rearrangements, the IGHD2-2 gene was included in the
genotype analysis.

Of the twenty-nine individuals studied, nine were heterozygous at either the IGHJ4 locus or
the IGHJ6 locus, and sufficient sequences were available from these nine individuals to use
likelihood ratios to determine haplotypes (6). Haplotypes containing deletions of six and five
contiguous D genes were inferred in several individuals. As IGHD1-7, IGHD4-4, IGHD5-5
and IGHD®6-25 were excluded from the genotype analysis, their absence from certain
haplotypes was presumed from the absence of neighbouring genes. Rearrangement
frequencies were calculated for each gene, and this frequency was based upon the total
number of rearrangements involving one of the included D genes.

Statistical analysis

Comparison of D and J gene usage between productive and non-productive datasets was
performed using paired t tests. Multiple t tests were then performed to examine differences
in individual genes. Comparison of D and J gene usage between different D genotypes was
also carried out using paired t tests, with multiple t tests used to examine differences in
individual genes. The desired false discovery rate was set to 1% for all multiple t tests. All t
tests were performed using GraphPad Prism version 6.05 for Windows.

Contingency tables were used to test whether pairing frequencies were dependent or
independent of the overall utilization frequencies of IGHD and IGHJ. Adjusted residuals
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were used to measure the degree of departure from independence of each pair. Values
greater than 1.96 show there was a statistically significant (p<0.05) over-representation of
pairs of particular D and J genes, while values less than —1.96 show there was a statistically
significant (p<0.05) under-representation of pairs of particular D and J genes (25).

VDJ amplicons from 29 individuals were investigated using high throughput sequencing,
and after filtering, a total of 943,978 VVDJ rearrangements remained. Of these, 192,290 were
non-productive based on out of frame IGHJ, and 751,685 were productive. Individual
sample sizes ranged from 19,279 to 110,344 sequences, with an average of 32,551. Non-
productive sequences in the samples ranged from 3,737 to 26,614 sequences, with an
average of 6,631. The data sets are available at dbGap (http://www.ncbi.nlm.nih.gov/gap)
under accession numbers phs000760.v1.p1 and phs000666.v1.p1, or by request from the
authors. Nine individuals were heterozygous at an IGHJ locus, allowing the sets of genes on
each of their chromosomes to be determined as haplotypes. From these nine samples,
140,706 sequences were obtained from two individuals who were inferred to carry a single
copy of a deletion polymorphism involving six contiguous D genes spanning IGHD3-3 to
IGHD2-8 inclusive. Analysis of two other individuals showed striking differences between
rearrangements of their two chromosomes at one or two genes. On one chromosome, just a
handful of VDJ rearrangements suggested the possible presence of D genes that are part of a
deletion polymorphism spanning the genes IGHD3-22 to IGHD1-26 inclusive. The implied
utilization frequencies, if the genes were truly present in the genomes of these individuals,
were so low that an alternative possibility was addressed. The identification of D genes
within VDJ rearrangements is notoriously difficult, so the data sets were manually reviewed
to determine whether or not the critical rearrangements could have been mis-aligned against
the IGHD germline gene repertoire. We concluded that all the alignments to the genes in
question were probably in error. The alignments were all short and included mismatches to
the germline. We therefore inferred that these two individuals, as well as a third individual,
carry a single copy of a deletion polymorphism involving the five contiguous genes. 69,837
sequences were derived from the three individuals. A further 109,486 sequences came from
four individuals with no apparent D gene deletions. The DJ pairing frequencies identified in
the HIV-infected subject in this study were not appreciably different from those of the
healthy subjects. Data from this individual was included in the analysis because they are
heterozygous for the contiguous 6 D gene deletion and because of the large number of
rearrangements (111,387) in their data set.

IGHD gene usage was analysed in pooled data from the twenty-nine individuals, and clear
differences were seen between productive and non-productive sequences (Figure 1A).
Although an overall difference between the two datasets was not detected using a paired t
test, there were differences for 5 of the 19 genes examined — IGHD1-26, IGHD2-2,
IGHD3-3, IGHD4-17 and IGHD6-19 (multiple t test, p<0.01). An overall difference
between productive and non-productive sequences was not detected for J genes (Figure 1B)
and no differences were detected for individual genes. Frequencies of gene usage were
consistent with previous reports (4, 5). Because of the differences between the productive
and non-productive datasets, subsequent analysis of D and J gene usage focused on non-
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productive sequence data. Sequence data from different individuals was pooled for each of
the three IGHD genotypes — those with a single copy of the inferred six D gene deletion
(Het6), those with a single copy of the inferred five D gene deletion (Het5) and those with
no apparent D gene deletions (No deletions). Significant differences in usage of IGHD3-10,
IGHD3-3 and IGHD2-2 were detected between individuals with the differing genotypes
(Figure 1C) (multiple t test, p<0.01 in each case). No significant differences were detected
for individual J genes (Figure 1D).

To explore the relationship between gene usage frequency and gene pairing among the non-
productive rearrangements, we used contingency tables to test whether the pairing
frequencies were dependent or independent of the overall utilization frequencies of the D
and J genes (Table 1). A clear trend was observed for the more 5’ D genes to pair with the
more distant 3’ J genes, and for the more 3’ D genes to pair with the nearer 5’ J genes.

In order to uncover any underlying relationships that could have been obscured by the
variable rearrangement frequencies of individual D genes, we examined the proportion of
rearrangements of each of the D genes that were associated with the four most commonly
utilized J genes (Figure 2). This analysis shows, for example, the proportion of all the
IGHD2-2-containing alignments that also utilized IGHJ4. The patterns shown suggest a
linear relationship between chromosomal position and utilization frequencies, and
interestingly, the pairing frequencies of IGHD3-9 and IGHD3-10, which are located close
together in the genome, were almost identical. More surprisingly, the direction of the
relationship between chromosomal location and utilization frequencies varied between
IGHJ5 and IGHJ6 on the one hand, and IGHJ3 and IGHJ4 on the other. This suggests that
the relationship is not simply a measure of the linear distance between the joining genes.
The departures from the regression lines seen in Figure 2 also suggest the possibility that
there are complex, reproducible but non-linear relationships between chromosomal location
and gene utilization frequency. To explore this possibility, we investigated whether the
patterns were consistent between individuals, focussing on four of the most frequently used
genes: IGHJ4, IGHJ6, IGHD3-10 and IGHD3-22. Figure 3 shows the results of analysis
from four individuals who each carried the full complement of D genes on each
chromosome. Each of the two J genes is plotted against all the genotyped D genes (Figure
3A and B), and each of the two D genes are plotted against the four most abundant J genes
(Figure 3C and D). There is a remarkable consistency in the rises and falls between adjacent
genes for the four individuals. The trends for IGHJ4 and IGJHJ6 again go in opposite
directions to one another, with neither relationship being strictly linear. Similarly, while
IGHD3-22 was seen in association with increasing proportions of the more 3’ J genes,
IGHD3-10 was seen in association with increasing proportions of the more 5’ J genes.

Analysis of DJ pairing in individuals whose genotype included D gene deletion
polymorphisms showed very different patterns of D gene usage (Figure 4). Although an
absence of certain genes on one chromosome could be expected to result in corresponding
increases in the utilization frequencies of all other genes present on the same chromosome,
the patterns seen were not of this kind. A substantial and statistically significant increase in
the use of IGHD3-10 was observed in individuals who carried a single copy of the deletion
polymorphism involving the six genes IGHD3-3 to IGHD2-8 (multiple t test, p<0.00001). A
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similar increase in the utilization of IGHD2-2 was seen in individuals who carried a single
chromosomal deletion polymorphism involving the five genes IGHD3-22 to IGHD1-26
(multiple t test, p<1.0x1079). Individuals with shared genotypes had no differences in J
utilization frequencies (data not shown).

The consequence of pairing biases on the primary repertoire of individuals with different
IGHD genotypes is considerable. The most abundant pairing of D and J genes in individuals
who carry a single copy of the six gene deletion polymorphism was the pairing of
IGHD3-10 with IGHJ4. The usage frequency of this pairing was more than twice that of
either of the other immunogenotypes. In individuals with a single copy of the five gene
deletion polymorphism, the most abundant pairing (IGHD2-2 with IGHJ6) accounted for
7.8% of all pairings, but was present in 2.1% of sequences in individuals with the
heterozygous six gene deletion polymorphism and 4.6% in individuals with the complete
complement of D genes. In individuals with the complete complement of D genes, the most
abundant pairing (IGHD3-22 with IGHJ4) accounted for 6.7% of all pairings, and was
present in 7.1% of sequences in individuals with the heterozygous six gene deletion
polymorphism and 5.0% in individuals with the heterozygous five gene deletion
polymorphism.

Discussion

The aim of this study was to investigate DJ pairing biases in individuals with different
IGHD locus genotypes using large IGH repertoire datasets generated using high throughput
sequencing. The size of the datasets enabled us to focus on non-productive sequence data,
allowing us to exclude the possibility that observed biases were an outcome of selection
acting upon transcribed genes. Significant differences in gene usage between productive and
non-productive sequences were seen for some but not all D genes, confirming recent reports
(26). These differences between IGHD genes may in part be explained by their varying
utilization frequencies. The low utilization frequencies of some IGHD genes could be
preventing differences from reaching statistical significance. IGHD2-2 and IGHD3-3 are
seen in a high proportion of rearrangements, and appear to be selected against in the
productive repertoire. The stronger selection against these genes could be indicative of their
greater self-reactivity. Selection against these genes would also result from the fact that all
three IGHD2-2 alleles contain two stop codons in reading frame one and several
hydrophaobic residues in reading frame three. The most commonly used allele of IGHD3-3,
IGHD3-3*01, also encodes several hydrophobic residues when translated in reading frame
three. However, stop codons and hydrophaobic amino acids are also observed in the
corresponding reading frames of IGHD3-22, IGHD4-17 and IGHDA4-23, amongst other
genes, and no selection was apparent against these genes in the productive repertoire. A
better understanding of selection will require the direct investigation of the repertoire before
and after selection.

The DJ pairing biases that were detected were much more complex than those that have
previously been suggested. The analysis of the non-productive repertoires from individuals
in this study aligns with previous reports that there is a tendency for more 5’ D genes to pair
with more 3’ J genes, and for more 3’ D genes to pair with closer 5" J genes (14, 15, 21). The
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datasets revealed more intricate patterns that were shared by individuals with shared IGHD
genotypes, but which differed between individuals who carried different IGHD genotypes.

Investigation of the effects of genotypic variation on DJ pairing clearly shows that when
blocks of D genes are absent from the IGHD locus, the increase in usage of other D genes is
not spread evenly amongst the remaining genes. Sequences amplified from individuals who
carry a single copy of a deletion polymorphism involving six contiguous D genes from
IGHD3-3 to IGHD2-8 utilized the IGHD3-10 gene at a significantly higher frequency than
that seen in individuals with a full complement of genes. We do not believe that it is simply
the “proximity” of this gene to the genomic position that is normally occupied by the
deletion polymorphism that gave rise to this increase, for the deletion polymorphism
involving five contiguous genes (IGHD3-22 to IGHD1-26) tells a different story.
Individuals who carry a single copy of this deletion polymorphism showed a highly
significant increase in the use of IGHD2-2. IGHD2-2 is a 5’ IGHD gene that is far removed
from the normal location of the five deleted IGHD genes.

Interestingly, the changed utilization frequencies of D genes that were detected in
individuals who carried D deletion polymorphisms were not accompanied by detectable
changes in the use of any J genes. In this study, the four more frequently expressed J genes
could be analysed, while eighteen different D genes could be analysed. It is easier to
demonstrate that biases are statistically significant when the number of categories is low.
The observation of significant differences in D gene utilization frequencies, and the failure
to detect significant differences in the utilization of J genes was therefore surprising, and it
may point to the order of events that lead up to DJ recombination.

A model has been proposed in which the assembly of a synaptic complex is initiated by the
binding of the recombinase to a 12-bp spacer RSS. This is followed by the capture of a 23-
bp spacer RSS (27). In the case of DJ recombination, this implies that the recombinase first
binds to the 3’ D RSS, before capturing the J RSS. However, a recent study in mice suggests
that the recombinase is first recruited to the J region (28). The results of the present study
provide indirect evidence that the human recombinase is also first recruited to the J region.
If the recombinase binds first to the 3’ D RSS, the disruptions to the utilization frequencies
of D genes would be likely to be accompanied by disruptions to the utilization frequencies
of the J genes. This was not observed and therefore is consistent with initial binding of the
recombinase to the J RSS.

It has been suggested that persistent RAG protein expression leads to successive rounds of
DJ recombination, prior to VV-DJ recombination (29). It has also been suggested that the
tendency for more 5’ D genes to be seen with more 3’ J genes (IGHJ4 to IGHJ6) could be an
outcome of this process (15). The results of the present study, using a very large dataset of
non-productive VVDJ rearrangements, suggest that successive rounds of rearrangement could
only account for some of the biases in the rearrangements of IGHJ5 and IGHJ6, and cannot
account for the overall patterns of IGHJ4 rearrangements. Our results are consistent with the
existence of more complex positional biases, though variability in RSS could also be
contributing to the variability in the utilization of different genes.
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There is no doubt that variations in both the heptamer and nonamer sequences of RSS can
influence recombination frequencies. This has been shown both in vivo (11) and in vitro
(10). Opinions differ regarding the effect of spacer sequences on the frequency of
recombination. Wei and colleagues concluded that the sequence of the spacer had little
effect on the frequency of gene recombination (13), whilst others have reported that
differential rates of rearrangement are associated with different spacer sequences (12). The
crystal structure of the mouse RAG1 nonamer binding domain (NBD) bound to DNA
highlights, for the mouse at least, the importance of contacts with the spacer sequence in
RAG-mediated activity (30). The entire crystal structure of the mouse RAG1-RAG2
complex has now been reported (31) and appears to corroborate the view that some
sequence-specific recognition of the recombinase by the NBD is important (30). Differences
in RSS, including unreported variations in the RSS, however, are at most just part of the
explanation for variable recombination frequencies, for there are many examples of genes
with identical RSS that have quite different recombination frequencies (18).

The contrasting variation that was seen in the pairing of IGHJ4 and IGHJ6 with different D
genes, and the variation in gene utilization frequencies seen in individuals with differing D
genotypes gives credence to the view that DJ recombination is subject to strong positional
biases. However, the relative positions of the genes along the chromosome are insufficient to
explain the observed biases. Enhancer activity has been proposed to facilitate looping of the
IGHV region DNA in mice, bringing distal genes into closer proximity to the other genes
(19). Our data, in particular the undulating patterns observed for the proportions of each D
gene rearranging with a particular J gene, suggest the possibility that multiple loops of D
genes are active in the human. Such loops could provide an explanation for the increase in
use of IGHD2-2 that accompanies the deletion of a distant block of IGHD genes.

Ontogeny is associated with a progressive increase in the addition of N nucleotides in DJ
junctions in both the human (14) and the mouse (32). The general lack of N addition during
murine fetal and neonatal development ensures that IGHD genes are the dominant influence
on the repertoire of fetal and neonatal CDR3 sequences. This, together with strong pairing
biases, could ensure that critical murine specificities are generated at high frequency (33).
Critical specificities may also be preferentially generated in early human development, and
this could explain the observation that the proportion of 5D — 3/J pairings increases
progressively from human fetal to neonatal to adult rearrangements (14). These increases
could possibly be achieved by chromatin remodelling leading to changes in accessibility of
certain genes. The loss of critical D genes, as well as changes in DJ pairing frequencies that
are associated with differing IGHD locus immunogenotypes could therefore be particularly
important during fetal and neonatal development. Certainly murine IGHD gene deletions
have been shown to increase susceptibility to infection (34). Alterations in IGHD gene
sequences can also increase the likelihood of the production of self-reactive antibodies (35).

Biases in DJ pairing and differences in the pairing biases that result from genotypic variation
are firmly established by the results of this study, and these biases join a growing list of
processes that we now know can shape the antibody repertoire of an individual. An
inevitable outcome of immunogenotypic differences between individuals must therefore be
that particular VV(D)J rearrangements and particular heavy and light chain pairs must be
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represented at different frequencies in the repertoires of different individuals. The view that
the formation of any particular antibody specificity is simply the result of stochastic
processes is thus challenged again. In light of the accumulating evidence that the human
genome shapes the emergence of the repertoire of each individual, the possibility that the
resulting immunocompetence of individuals may be different must be given credence. If
more large datasets of VDJ rearrangements from different individuals at varying stages of
development are analysed with reference to the underlying genotypes of the individuals, a
new view of immunocompetence may emerge.
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FIGURE 1. Comparison of the frequency of (A) I GHD gene usagein productive and non-
productive sequences (B) | GHJ gene usage in productive and non-productive sequences (C)
IGHD gene usage in individuals with different IGHD genotypes (D) IGHJ gene usagein

individuals with different IGHD genotypes

Het6 refers to IGHD gene usage in pooled rearrarangements from individuals who carried a
single copy of a deletion polymorphism involving the six contiguous IGHD genes. Het5
refers to IGHD gene usage in pooled rearrarangements from individuals who carried a single
copy of a deletion polymorphism involving the five contiguous IGHD genes.
Rearrangements using each IGHD gene are shown as the proportion of the total number of
rearrangements for which the IGHD gene could be identified. All genes are ordered as they
appear in the genome, from 5’ (left) to 3’ (right). *p < 0.01. Error bars are SEM.
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orientation, the most 3’ gene (IGHD1-26) is shown at the extreme left and the most 5’ gene
(IGHD2-2) is shown at the extreme right.
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IGHJ6-comtaining (B) rearrangements that include each IGHD gene; and the proportion of
all non-productive IGHD3-10-containing (C) and IGHD3-22-containing (D) that include

each of the four most highly utilized IGHJ genes (IGHJ3 — IGHJ6). Each individual is

represented by a different symbol. As the IGHD and IGHJ genes are found in the genome in
reverse orientation, the most 3’ gene (IGHD1-26) is shown at the extreme left and the most

5’ gene (IGHD2-2) is shown at the extreme right. The most 3’ IGHJ gene (IGHJ6) is shown
at the extreme left and the most 5’ gene (IGHJ3) is shown at the extreme right.
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FIGURE 4. IGHD gene utilization frequenciesin individuals with different | GHD genotypes
Proportions of rearrangements using each IGHD gene were compared between four

individuals who carried complete sets of IGHD genes on both their chromosomes, with (A)
pooled non-productive sequence data for two individuals who carried a single copy of a
deletion polymorphism involving the six contiguous IGHD genes, IGHD3-3 to IGHD2-8
(Het6); and (B) pooled non-productive sequence data for three individuals who carried a
single copy of a deletion polymorphism involving the five contiguous IGHD genes,
IGHD3-22 to IGHD1-26 (Het5). Proportions of IGHD genes are a proportion of the total
number of rearrangements in which the IGHD gene could be identified. IGHD genes are
ordered as they appear in the genome, from 5’ (left) to 3’ (right). *p < 0.00001. **p <
1.0x107°.
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