{frontiers in
IMMUNOLOGY

ORIGINAL RESEARCH ARTICLE
published: 08 November 2013
doi: 10.3389/fimmu.2013.00357

Germline amino acid diversity in B cell receptors is a good
predictor of somatic selection pressures

Gregory W. Schwartz" and Uri Hershberg ' *

" Systems Immunology Laboratory, School of Biomedical Engineering, Science, and Health Systems, Drexel University, Philadelphia, PA, USA
2 Department of Microbiology and Immunology, College of Medicine, Drexel University, Philadelphia, PA, USA

Edited by:
Michal OrGuil, Humboldt University
Berlin, Germany

Reviewed by:

Andrew M. Collins, University of New
South Wales, Australia

Nicole Wittenbrink, Humboldt
University Berlin, Germany

*Correspondence:

Uri Hershberg, Systems Immunology
Laboratory, School of Biomedical
Engineering, Science, and Health
Systems, Drexel University, 3141
Chestnut Street, Philadelphia, PA
19104, USA

e-mail: uri.hershberg@drexel.edu

1. INTRODUCTION

The diversity of the immune repertoire is important for the adaptive immune system'’s abil-
ity to detect pathogens. Much of this diversity is generated in two steps, first through
the recombination of germline gene segments and second through hypermutation during
an immune response. While both steps are to some extent based on the germline level
repertoire of genes, the final structure and selection of specific receptors is at the somatic
level. How germline diversity and selection relate to somatic diversity and selection has not
been clear. To investigate how germline diversity relates to somatic diversity and selection,
we considered the published repertoire of Ig heavy chain V genes taken from the blood
of 12 individuals, post-vaccination against influenza, sequenced by 454 high-throughput
sequencing. We here show that when we consider individual amino acid positions in the
heavy chainV gene sequence, there exists a strong correlation between the diversity of the
germline repertoire at a position and the number of B cell clones that change amino acids
at that position. At the same time, we find that the diversity of amino acids used in the
mutated positions is greater than in the germline, albeit still correlated to germline diver
sity. From these findings, we propose that while germline diversity and germline amino
acid usage at a given position do not fully specify the amino acid mutant needed to pro-
mote survival of specific clones, germline diversity at a given position is a good indicator
for the potential to survive after somatic mutation at that position. We would therefore
suggest that germline diversity at each specific position is the better a priori model for the
effects of somatic mutation and selection, than simply the division into complementarity
determining and framework regions.
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amino acid in all V genes while others can utilize many different

The adaptive immune system’s ability to react to disease is based
on the diversity of its immune repertoire. In the case of B cells,
this diversity is generated in two rounds: the recombination of
germline gene segments (V, D, and ] for heavy chains, V and
] for light chains) to create the B cell receptor (BCR), (1-3) as
well as somatic hypermutation during an immune response (4—
6). In both cases, these diversification processes are coupled with
stringent somatic selection based on the binding affinity of the
BCR (7). Thus, while the initial state of the BCR is at least some-
what based on an individual’s germline genes, the final structure
of specific BCR mutants is based on somatic selection processes
related to the binding affinity of the BCR. It remains unclear how
selection and diversity at the germline level relate to selection at
the somatic level. In this analysis, we demonstrate a link between
the diversity and selection at the germline and somatic levels for
V genes.

The germline genes encoding the different regions of the BCR
are themselves diverse, even before considering the diversification
produced from the recombination of different gene segments.
Specifically in V genes, this diversity is non-uniformly spread
across the gene sequence. Some positions always utilize the same

amino acids. This differential diversity is considered an indica-
tor of the functional role of each position in the eventual tertiary
structure of the receptor. Variable regions of the V gene sequences,
called complementarity determining regions (CDR), are thought
to be those that encode regions which interact with antigens, while
the more invariant positions, called framework regions (FR), are
proposed to be involved in the backbone of the receptor (8). It
has been generally thought that somatic selection segregates along
these two regions. Positive selection is thought to occur in the
CDR, while mutations in the FR were mostly debilitating to affin-
ity and lethal to the cell (5). It is now clear that this segregation is
not strictly true — positively selected key mutations can be found
in the FR (9) and negative selection can be seen in mutations
throughout the sequence (10).

Previously, the diversity measurements of the receptors were
based on differing diversity indexes with varying appropriateness
and on partial sets of germline and mutant sequences (8, 11).
We directly measured the “true” diversity of light chain V genes
and heavy chain V genes (Vp) based on the entire known BCR
germline repertoire as found in the IMGT Ig gene database (12,
13). We demonstrated that the pattern of diversity in all V genes
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is non-uniform, with most positions showing a low level of diver-
sity (2-5 relevant amino acids) and a few exhibiting higher levels
of diversity (up to 10 relevant amino acids). If we rank all the
positions in the sequence by their diversity, we can explicitly show
that while the CDR is enriched for high diversity positions, many
CDR positions have diversities as low as those found in FR and
some FR positions have quite a high diversity (12). We previously
suggested that it is the diversity of positions, not solely their associ-
ation with the contiguous CDR or FR positions, which determines
their functional role and the consequence of mutation.

The diversity of positions in the germline repertoire of V genes
is the result of evolutionary selection of individuals and their
progeny. The process of affinity maturation is based on somatic
mutation and selection. It has thus far been unclear how these two
processes of selection are related and if they can be connected at
the V gene sequence level. To study this possible relationship, we
considered a published dataset of ~17,000 recombined BCR Vy
gene sequences from 12 individuals (14). We divided sequences by
their clonotypes, identifying the clonal origin for each recombined
sequence. In this way we could now count how many times each
position was mutated in the repertoire. Comparing the number
of individual times a position was mutated to its germline diver-
sity (12), we found that while synonymous mutations were evenly
spread across all positions, there was a clear positive correlation
between the number of times a position had a mutated amino acid
and that position’s diversity in the germline repertoire. From this
we conclude that the diversity at the germline level is an indication
for the potential for somatic harm as a result of mutation. The
diversity of each specific position is a more direct measure of the
functional consequence of mutation and selection at the somatic
level than a mere division into CDR and FR.

2. MATERIALS AND METHODS

2.1. SEQUENCES ANALYZED

We analyzed the amino acid and nucleotide sequences of Homo
sapiens BCR recombined Vi genes (14). The sequences came from
twelve healthy individuals post-vaccination against influenza (14).
The individuals came from two age cohorts: 6 young (age range
19-45) and 6 old (age range 70-89). Sequences were acquired at
days 0, 7, and 28 post-vaccination and included both IgG, IgM,
and IgA class switched receptors. We divided the sequences into
clones by fully aligning their nucleotide sequences to the germline
V, D, and ] genes from the IMGT Ig database (13). All sequences
that shared the same germline source (V, ], and CDR3 length) were
considered to be from the same clone. We filtered out sequences
with >30 nt point mutations from the germline. This alignment
resulted in the identification of 17,553 sequences divided into 9482
clones. Due to sequencing issues in the original dataset, we only
analyzed the sequences from position 25 and on. IMGT number-
ing leaves gaps in order to remain consistent with all V genes. Also,
the length of V genes is not always identical. Therefore, we only
calculated germline diversity for amino acid positions 25 — 30,
35 — 59,63 — 72, and 74 — 106, leaving us with 74 positions in
the analysis. These positions were verified for adequate sampling
by the use of rarefaction curves at each position (15). We consid-
ered a position viable if more than 99% of the curve consisted of
a richness of >95% of the height of the curve (12). These curves

rule out the possibility of having too many gaps in the germline
repertoire.

We calculated the germline diversity per amino acid position
using BCR Vg genes collected from IMGT as in Ref. (12). We
filtered out non-functional, partial, and duplicate sequences for
the analysis. All sequences were numbered according to the IMGT
unique numbering system based off of the universal alignment
provided by IMGT (13). We defined CDR and FR positions as in
Ref. (16).

22. DIVERSITY MEASURES
We measured the diversity of amino acids per position as in Ref.
(12) with an order of diversity equal to 1. The process of measur-
ing diversity is dependent on the order, or “Hill number” (17), we
use during calculations. While measuring the effective number of
species, the order affects the influence of the sample abundances.
An order of 0 does not consider abundances, thus all types are con-
sidered equally (this is equivalent to the number of different types,
also called “richness”). An order gives greater weight to rare species,
while an order >1 gives greater weight to common species. When
the order is 1, the effective diversity is determined without any bias
(18). We previously described the result of analyzing the diversity
of the different amino acid positions in the V gene germline reper-
toire at different orders of diversity (12). We decided here to focus
on the order of 1 as we found no a priori reason to bias toward
either the more commonly used amino acids at each position or
toward the rare amino acids.

At each position p, the number of amino acids at that position
was N, and the richness of the amino acids at that position was R,

The measure of diversity used for these positions was “true”
diversity 1D), where

Ry (1/1-q)
qu = ZP:Z (1)
i=1

and q is the order of diversity and p; is the frequency of amino acid
i(17,18). At g=1, equation (1) does not exist, however the limit
as g approaches 1 is

Rp
le = exp —Zpiplnp,-p (2)
i=1

2.3. DEFINITION OF POSITION CATEGORIES

For every amino acid position, we counted — across all clones
from any time point and person — the number of times a position
changed amino acids and how many times that position main-
tained its amino acid from the germline. If a position was found
to change into several amino acids in a single clone, that posi-
tion was counted once for each different amino acid. The cases
where amino acids were maintained relative to the germline were
in some cases further divided into non-mutated and synonymous
mutations. The amino acids collected in each category (changed,
maintained, or synonymous mutation) were then further analyzed
for their diversity and amino acid composition tendencies.
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24. CORRELATIONS OF DIVERSITY IN GERMLINE POSITIONS VERSUS

CHANGED OR MAINTAINED AMINO ACID POSITION CATEGORIES
Using a two sided Spearman’s rank correlation test, we assessed the
correlation of germline diversity of human Vi genes, as calculated
in Ref. (12), with the counts and diversities of the three categories
(changed amino acid, maintained amino acid, and synonymous
mutation) described above.

25. AMINO ACID USAGE ANALYSIS

We assessed if position categories were biased toward specific
amino acid usage types. Following our definitions of Ig relevant
amino acid categorization by hydrophobicity and tendency to be
found on the surface of the receptor (16, 19), we categorized
amino acids as hydrophobic (IVLFCMW), neutral (AGTSYPH),
and hydrophilic (NDQEKR) (12). We then categorized a position
by how biased that position was to using amino acids from only
one of these categories. If a position used only amino acids from
one category, that position was considered to be of that type (i.e.,
a hydrophobic, a neutral, or a hydrophilic position). If the posi-
tion had both neutral and one other category of amino acids, that

position would be considered a “weak” version of that category
(i.e., weak hydrophobic or weak hydrophilic). If there were amino
acids in all categories, then that position was considered indeter-
minate. In all instances, if a position had a single amino acid in one
category, and three or more in another category, the single amino
acid category was ignored (12).

3. RESULTS
3.1. CORRELATION OF GERMLINE DIVERSITY TO NUMBER OF
CHANGED AMINO ACIDS PER POSITION

When comparing the germline diversity at each position —as calcu-
lated from the prototypical IMGT database (12) —and the number
of unique changed amino acids at each position, we find that
these two properties are highly positively correlated (p =0.710,
p=1.41 x 10712, This correlation holds true if we consider CDR
(p=0.676,p=2.18 x 10~*) and FR (p = 0.668, p=2.17 x 10~7)
positions separately and if we consider all positions as a whole
(Figure 1). While this correlation is monotonic, it is by no means
strictly linear as the linear model explains only ~43% of variation
in the extent of amino acid exchanges at the different positions
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FIGURE 1 | The number of unique changed amino acids versus the
diversity of order 1 of the germline sequences per position. The points
are labeled by their IMGT sequence position number and if they are found
in the CDR (red) or the FR (blue). The lines represent linear regressions for
all positions (black, r? =0.433), for FR positions (dashed blue, r? =0.289),

2.5 5.0
Germline Diversity (1)

7.5

and for CDR positions (dotted red, r? =0.349). We found a significant
positive correlation for all positions (0o =0.710, p=1.41 x 107'?). By
correlating the positions based on FR and CDR, we found a significant
positive correlation for both FR (0 =0.668, p=2.17 x 10~7) and CDR
(p=0.676, p=2.18 x 107%).
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(r> =0.433). Interestingly, while in general the CDR positions
with similar diversity have more changed amino acids than most
FR positions of similar germline diversity and the linear fits to
CDR and FR are distinct, FR and CDR positions are not clearly
separated in this plane (Figure 1).

The analysis with synonymous mutations shows no correlation
(r?=1.87 x 1073, p =0.232, p=0.0468) and similar mutation
levels across the entire range of germline position diversities and no
difference between CDR (72 = 0.0322, p = — 0.223,p=0.273)and
FR (r2 =0.0127, p = 0.289, p=0.0466) positions (Figure 2). The
results found using the diversity of the germline repertoire were
at the whole repertoire level. No division into certain germlines
was necessary and so the possibility for misidentification of the
germlines by IMGT would have little to no impact on the diversity
at the repertoire level. Moreover, when splitting up the analysis of
clones by the germline they aligned with, there was no real dif-
ference in between different germlines and at the repertoire level
(results now shown).

3.2. CORRELATION OF GERMLINE DIVERSITY TO CHANGED OR
MAINTAINED DIVERSITY PER POSITION

We next looked to see how the actual amino acid diversity of

the mutant repertoire at the different positions related to the

germline diversity. We found that the maintained positions had
a diversity that was essentially identical to that found in the IMGT
based germline repertoire (r> = 0.947, p = 0.961, p = 7.52 x 10%2)
(Figure 3A). In the changed positions a more complex pat-
tern emerges. While overall we find again that there is a posi-
tive correlation between germline diversity and the diversity of
the changed amino acids (r> = 0.284, p = 0.359, p=1.70 x 10°),
the range of diversity is much greater in the changed positions
(Figure 3B). This greater range of diversity is present in both
CDR (r? =0.419, p = 0.580, p =2.27 x 10°) and FR (r*> = 0.0347,
p=0.132, p=0.371). However, when the FR is considered on its
own this leads to a lack of significant correlation with germline
diversity.

3.3. CHANGES IN AMINO ACID USAGE PATTERN

We categorized the amino acid usage patterns for each position. We
found in the maintained amino acid positions the biases toward
using specific amino acid types are maintained. This was especially
true for the positions in the germline that had stricter categories
of amino acids usage bias. 13 out of 14 hydrophobic positions,
17 out of 19 neutral positions, and 8 out of 10 hydrophilic posi-
tions retain the same bias in the maintained positions as in the
germline (Table 1). The positions with the more intermediate
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FIGURE 2 | The number of synonymous mutations versus the

diversity of order 1 of the germline sequences per position. \We
found no positive correlation with a flat trend (r? =1.87 x 103, p=0.232,

Germline Diversity (1)

p=0.0468). When splitting by region, we found no correlation for FR
(r*=0.0127, p=0.289, p=0.0466) and CDR (r> =0.0322, p =—0.223,
p=0.273).
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FIGURE 3 | The diversity of order 1 of the amino acids versus the
diversity of order 1 for the germline sequences per position. (A) The
diversity of order 1 amino acid usage in amino acids positions. We found a
significant positive correlation (r2=0.947, p=0.961, p=752 x 10-%?). We
also found positive correlations when the positions were split by region for
FR (r?=0.970, p =0.968, p=_3.67 x 1072°) and CDR (r? = 0.937, p =0.880,
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p =176 x 107°). (B) The diversity of order 1 amino acid usage of unique
changed amino acids. We found a positive correlation (r? =0.284,
p=0.359, p=1.70 x 10-%). When splitting the positions by regions,
however, FR did not correlate with the germline diversities (r? =0.0347,
p=0.132, p=0.371) while CDR did have a positive correlation (r> =0.419,
p=0.580, p=2.27 x 1073).

Table 1 | Number of positions for each amino acid usage bias.

Category Germline Maintained Changed

Hydrophobic 14 16: (13,3, 0,0,0,00 7:(6,1, 0, 0, O, 0)
Weak hydrophobic 12 0: (0,0,0,0,0,00 8:(5 2 1,0 0,0
Neutral 19 27: (0,6,174,0,00 2:(0,0, 2, 0, 0,0
Weak hydrophilic 13 3: (0,0 1200 50,0 1, 3 1,0
Hydrophilic n 10: (0,0, 0,1,8 1) 0:(0,0, 0, 0, 0, 0)
Indeterminate 5 18: (1,3, 1,6,3,4) 52: (3, 9,15,10, 10, 5)

The numbers in parentheses after the colon signify the classifications of the
respective positions in the germline repertoire: hydrophobic, weak hydrophobic,
neutral, weak hydrophilic, hydrophilic, indeterminate.

biases (weak hydrophobic and weak hydrophilic) in the germline
did not adhere as strictly to the same bias category but tend to
have changed to one of the neighboring biases. Weak hydropho-
bic becomes either hydrophobic or neutral. Weak hydrophilic
becomes either hydrophilic or neutral (Table 1). Looking now
at the changed position we see that biases change much more
(Figure 4). Most positions simply become indeterminate (i.e.,
have no clear bias). However, it is interesting to note that those
positions that do have some bias exhibit either exactly the same
bias as they have in the germline repertoire or one that is similar
(Table 1).

4. DISCUSSION

The specificity of B cell and T cell receptors, while based on genes
in the germline, is ultimately not of the germline template. Due
to the imprecise nature of V(D)] recombination and, in B cells,
somatic mutation, the final affinity of each immune receptor is
neither inherited nor heritable. For this reason it is difficult to
assess how germline diversity and its selection relate to selection
during an immune response and specifically how they relate to
the anticipated outcome of somatic mutation during an immune
response. We have previously shown that the diversity of the
germline V gene repertoire can be characterized by looking at the
amino acid diversity of individual positions in the V gene sequence
(12). The distribution of diversity is non-uniform with most, but
not all highly diverse positions being found in the CDR. Further-
more, different positions show different biases toward the use of
hydrophobic or hydrophilic amino acids (12). To contrast this pic-
ture of germline diversity with somatic changes, we have taken a
published sample of the human peripheral B cell repertoire fol-
lowing influenza vaccination. We divided all of the sequences in
this dataset into their respective clones and counted the number of
times each position in the V gene sequence changed or maintained
the amino acid found in the germline origin of its clone. By doing
s0, we could compare for each position how it contributes to reper-
toire diversity and its selection when changed from its germline
and when it remained the same. Analyzing the maintained posi-
tions and their diversity allows us to ask to what extent clonal shift
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FIGURE 4 | Copy of Figure 3B annotated for amino acid usage bias. The hydrophilic (blue), or indeterminate (black), while a circle around the position
coloring for the labels signifies whether that position is hydrophobic (red), indicates that the position shares the same hydrophobicity bias as the
weak hydrophobic (light red), neutral (purple), weak hydrophilic (light blue), equivalent germline position. All amino acids are changed.

changes the diversity of the repertoire from the germline while
analyzing the changed positions describes the effects of selection.

Starting with the maintained positions, we see that the germline
diversity exhibited in the prototypic repertoire in the IMGT data-
base, which does not assume any specific biases in Vy usage, is
recapitulated in even the small and clonally shifted snapshot of
the immune repertoire analyzed here. We find a significant lin-
ear correlation between germline diversity and that of positions
with maintained amino acids (Figure 3A) and also clear conser-
vation of amino acid usage biases (Table 1). Thus, despite the fact
that we analyzed ~1000 clones per person (out of potentially 10!}
clones) with a significant shift toward certain Vy genes, we still
identify more or less exactly the same diversity and amino acid
usage as described by the IMGT database. This suggests to us that
clonal shift does not change the make up of amino acid diversity
in the B cell repertoire. Furthermore, the existing IMGT database
of human V genes represents this positional diversity well.

With regard to the changed positions, we find that there is a
significant positive correlation between the level of diversity in
the germline at a specific position and the survival of clones with
changed amino acids at that position (Figure 1). Such a correlation

suggests that there is a relationship between the tendency to diver-
sify a position at the germline level over evolutionary time and the
likelihood of mutants at those positions to survive somatic muta-
tion and selection. We do not find any kind of correlation between
germline diversity and synonymous mutation level (Figure 2).
For this reason, while the exact observed levels of mutations and
surviving mutants with specific amino acid changes may have
also been influenced by biases in somatic mutation targeting or
sequencing error, these explanations could not be the only reasons
for our results. It would be unreasonable to think that mutation
bias and sequencing error would only influence non-synonymous
mutation rates and so it is thus quite clear that selection is caus-
ing this skew in mutant numbers. While assessing the exact rate
of selection is beyond the scope of this paper, we can attempt to
use these levels of synonymous mutations to estimate some ball-
park level of expected non-synonymous mutations, which under
neutral conditions we would assume to be three times as high. We
can then see that all the positions with lowest germline diversity
must be undergoing quite stringent negative selection and that
once germline diversity gets higher (>2) there are some positions
that appear to also be undergoing some positive selection. The
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positions with a germline diversity value >5 show rates of non-
synonymous mutations 10- to 20-fold greater than synonymous
mutations — a clear indicator of strong positive selection.

Another indication that specific positive selection has great
influence on the final level of amino acid changed at each position
is that the diversity of changed positions is much higher than the
germline diversity at those positions (Figure 3B). Furthermore, in
most cases their bias in usage is indeterminate (Figure 4). Thus,
while the likelihood of survival is related to germline diversity,
the specific change in amino acid that is needed to save the clone
is also determined by the specific selection interactions in which
that change was positively selected. However, it is worth noting
that positions that can be classified (i.e., are not indeterminate)
in the mutants all exhibit the same general amino acid bias as the
germline repertoire (Table 1).

Taking all of these findings into account, we propose that
germline diversity is a good indicator of the likelihood of survival
following mutation but cannot account for the specific amino acid
whose usage accounted for survival of a specific clone, although
this usage can be approximated. This usage is based on the spe-
cific affinity maturation event and immune response that leads
to the formation of the clone. We would further conclude that
while CDR and FR do roughly segregate the sequence, a better
measure of potential selection force is the specific germline diver-
sity of each position. This is especially true for positions with <5
diversity in their germline amino acids. In such positions, while
diversity indicates a range of possible levels of surviving mutants,
there is no clear distinction between positions in the CDR and the
FR. Indeed, the only reason one exists beyond diversity of 5 is that
no FR positions have such high germline diversities.
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