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Abstract

During chronic infection, HIV-1 engages in a rapid coevolutionary arms race with the host’s adaptive immune system.
While it is clear that HIV exerts strong selection on the adaptive immune system, the characteristics of the somatic
evolution that shape the immune response are still unknown. Traditional population genetics methods fail to distinguish
chronic immune response from healthy repertoire evolution. Here, we infer the evolutionary modes of B-cell repertoires
and identify complex dynamics with a constant production of better B-cell receptor (BCR) mutants that compete,
maintaining large clonal diversity and potentially slowing down adaptation. A substantial fraction of mutations that
rise to high frequencies in pathogen-engaging CDRs of BCRs are beneficial, in contrast to many such changes in struc-
turally relevant frameworks that are deleterious and circulate by hitchhiking. We identify a pattern where BCRs in
patients who experience larger viral expansions undergo stronger selection with a rapid turnover of beneficial mutations
due to clonal interference in their CDR3 regions. Using population genetics modeling, we show that the extinction of
these beneficial mutations can be attributed to the rise of competing beneficial alleles and clonal interference. The

picture is of a dynamic repertoire, where better clones may be outcompeted by new mutants before they fix.
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Introduction

HIV-1 evolves and proliferates quickly within the human body
(Richman et al. 2003; Moore et al. 2009; Liao et al. 2013),
rapidly mutating and often recombining its genetic material
among different viral genomes. These factors make it very
hard for the host immune system to maintain a sustained
control of an infection, leading to a long-term chronic con-
dition. While it is clear that the virus exerts strong selective
pressure on the host immune system, the quantitative nature
of the evolutionary dynamics of the adaptive immune system
during chronic infections remains unknown.

The immune system has a diverse set of B- and T-cells with
specialized surface receptors that recognize foreign antigens,
such as viral epitopes, to protect the organism. We focus on
the chronic phase of HIV infection, where the immune re-
sponse is dominated by antibody-mediated mechanisms, fol-
lowing the strong response of cytotoxic T-lymphocytes (i.e,
CD8+ killers T-cells), ~50days after infection (McMichael
et al. 2010). During the chronic phase, the symptoms are
minor and the viral load is relatively stable, but its genetic

B-cell somatic evolution, adaptive immunity, population genetics, fluctuating selection, clonal

composition undergoes rapid turnover. After an infection, B-
cells undergo a rapid somatic hypermutation in lymph node
germinal centers, with a rate that is approximately four to five
orders of magnitude larger than an average germline muta-
tion rate in humans (Campbell and Eichler 2013). Mutated B-
cells compete for survival and proliferation signals from
helper T-cells, based on the B-cell receptor’s (BCR) binding
to antigens. This process of affinity maturation is Darwinian
evolution within the host and can increase binding affinities
of BCRs up to 10- to 100-fold (Victora and Nussenzweig
2012). It generates memory and plasma B-cells with distinct
receptors, forming lineages that reflect their coevolution with
viruses (Nourmohammad et al. 2016), (see schematic in
fig. 1a). A B-cell repertoire consists of many such lineages
forming a forest of coexisting genealogies. The outcome of
an affinity maturation process shifts the overall repertoire
response against the pathogen (Berek and Milstein 1987).
Immune repertoire high-throughput sequencing has been
instrumental in quantifying the diversity of B-cell repertoires
(Weinstein et al. 2009; Elhanati et al. 2015). Statistical meth-
ods have been developed to characterize the processes
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Fic. 1. Affinity maturation forms B-cell lineages. (a) Schematic of B-cell affinity maturation and lineage formation. The naive immune repertoire
consists of a diverse set of B-cell receptors, generated by gene rearrangement (VD) recombination) and junctional sequence insertion and deletion
(distinct colored cells in the box). Affinity maturation with somatic hypermutations and selection for strong binding of BCRs to antigens forms
lineages of BCRs stemmed from a germline progenitor, shown by three growing lineages in this figure. (b) Examples of B-cell lineages reconstructed
from the heavy chain sequences of BCR repertoires in HIV patients (see Materials and Methods and Supplementary Material online). The distance
between the nodes along the horizontal axis indicates their sequence hamming distance. The nodes are colored according to the time they were
sampled from a patient over the period of ~2.5 years. (c) Examples of a productive (left) and unproductive (right) B-cell lineage reconstructed
from the heavy chain repertoire of a healthy individual sampled at a single time point (see Materials and Methods and Supplementary Material

online).

involved in the generation of diversity in repertoires and to
infer the underlying heterogenous hypermutation preferen-
ces in BCRs (Yaari et al. 2013; Elhanati et al. 2015; McCoy et al.
2015). Deviation of the observed mutations in BCRs from the
expected hypermutation patterns are used to infer selection
effects of mutations from repertoire snapshots in order to
identify functional changes that contribute to the response
against pathogens (Yaari et al. 2013; Uduman et al. 2014).
Recently, longitudinal data, with repertoires sampled over
multiple time points from the same individuals, have brought
insight into the dynamics of affinity maturation in response to
antigens (Vollmers et al. 2013; Laserson et al. 2014; Hoehn
et al. 2015; Horns et al. 2019). The dynamics of affinity mat-
uration and selection in response to HIV have also been char-
acterized for chosen monoclonal broadly neutralizing
antibody lineages (Liao et al. 2013; Vieira et al. 2018). Yet,
the effect of a chronic infection on the dynamics of the whole
BCR repertoire remains unknown.

Here, we analyze the history and structure of BCR lineages
in the full repertoire of HIV-1-infected patients. We uncover
distinct modes of immune response, including selection and
competitive clonal interference among BCRs, a fraction of
which may be HIV-specific. We identify a pattern, where
BCR repertoires in patients who experience a larger viral
expansions undergo stronger selection and clonal interfer-
ence in their pathogen-engaging CDR3 regions. We show
that clonal interference in CDR3 regions reflects a macro-
evolutionary drive of the repertoire, either caused by the virus
or the overall reorganization of the BCRs, even those that do
not directly target HIV-1. Our results are based on advanced

2

statistical measures informed by population genetics theory
that capture the differences between baseline affinity matu-
ration and long-term selection in response to HIV-1 infection.

Results

We compare the structure and dynamics of BCR repertoires
sampled over 2.5 years in HIV patients (data from Hoehn et al.
2015; collected through the SPARTAC study [SPARTAC Trial
Investigators et al. 2013]). Among these individuals are two
untreated patients and four patients who had interrupted
ART after a year of treatment. We have also analyzed the
BCR repertoire structure in three healthy individuals (data
from DeWitt et al. 2016). The sequencing depth of the two
data sets differ, with on an average ~172,000 unique BCR
sequences per HIV patients, and ~880, 000 unique BCRs in
healthy individuals and an average of about 3,500 lineages
with size >20 per HIV patient and 17,700 per healthy indi-
viduals; see Materials and Methods and supplementary fig. 1,
and table S1, Supplementary Material online, for details on
BCR data and processing. Additionally, due to the differences
in the sequencing protocols (Hoehn et al. 2015; DeWitt et al.
2016), the read length of the receptors in healthy individuals
(~130 bp) is much smaller than in HIV patients (~300 bp
with ~35 bp gap), making a direct comparison between the
two data sets difficult. We have performed our statistical
analysis both on the complete BCR repertoire data in healthy
individuals and on the subsampled data with a depth com-
parable to the BCR repertoires in HIV patients; see
Supplementary Material online. However, the healthy
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repertoires serve as a guideline in our analysis, rather than a
null model for selection in chronically challenged BCR reper-
toires, due to the differences in the structure of the data sets
and the underlying sequencing protocols. Our primary con-
clusions rely on the analysis of selection in BCR repertories of
HIV patients and relating the differences among patients to
the state of their viral load over time.

Statistics of BCR Lineage Genealogies Indicate Positive
Selection

We reconstruct genealogical trees for BCR lineages inferred
from BCR repertoires in each individual (see Materials and
Methods and Supplementary Material online). B-cell lineages
of HIV patients, a few examples of which are shown in
figure 1b, can persist from months to years after the initial
infection, which is much longer than the lifetime of a germinal
center (weeks), indicating the recruitment of memory cells for
further cycles of affinity maturation in response to the evolv-
ing virus. Reconstructed lineage trees show a skewed and
asymmetric structure, consistent with rapid evolution under
positive selection (see supplementary fig. S2, Supplementary
Material online) (Neher and Hallatschek 2013). To quantify
these asymmetries, we estimated two indices of tree imbal-
ance and terminal branch length anomaly. In both HIV
patients and healthy individuals, we observe a significant
branching imbalance at the root of the BCR lineage trees,
indicated by the U-shaped distribution of the sublineage
weight ratios (see Supplementary Material online), in contrast
to the flat prediction of neutral evolution, calculated from
Kingman'’s coalescent (fig. 2a). Moreover, we observe elon-
gated terminal branches (i.e, larger coalescence time) in BCR
trees compared with their internal branches, with the stron-
gest effect seen in trees from HIV patients, again in violation
of neutrality (fig.z 2b and supplementary fig. S2,
Supplementary Material online); see Supplementary
Material online for inference of coalescence time. These asym-
metric features of BCR trees are clear signs of intralineage
positive selection. They break the assumptions of neutral
models that are based on nonbiased growth of all terminal
branches, which results in all branches and sublineages grow-
ing at equal rates. However, the considered statistics only
reflect the history of lineage replication and give limited in-
sight into the mechanisms and dynamics of selection. For
instance, tree asymmetry is also observed in unproductive
BCR lineages, which lack any immunological function but
are carried along with the productive version of the recom-
bined gene expressed on the other chromosome (fig. 2a
and b).

Site Frequency Spectra Indicate Rapid Adaptation in
CDR3 Regions

To characterize the selection effect of mutations in more
detail, we evaluate the spectrum of mutation frequencies in
a lineage, known as the site frequency spectrum (SFS). The
SFS is the probability density f(v) of observing a derived
mutation (allele) with a given frequency v in a lineage. A
mutation that occurs along the phylogeny of a lineage forms
a clade and is present in all the descendent nodes (leaves) of

its clade (see supplementary fig. S2, Supplementary Material
online). Therefore, SFS carries information about the shape of
the phylogeny, including both the topology and the branch
lengths. In neutrality, mutations rarely reach high frequency,
and hence, the SFS decays monotonically with allele fre-
quency as, f(v) ~ v ' (Kingman 1982). In phylogenies
with skewed branching, many mutations reside on the larger
subclade following a branching event, and hence, are present
in the majority of the descendent leaves on the tree. The SFS
of such lineages is often nonmonotonic with an upturn in the
high frequency part of the spectrum (Neher and Hallatschek
2013). We evaluate the SFS separately for synonymous and
nonsynonymous mutations in different regions of BCRs
(fig. 2c and supplementary fig. S3, Supplementary Material
online). In HIV patients, we see a significant upturn of SFS
polarized on nonsynonymous mutations in pathogen-
engaging CDR3 regions, consistent with rapid adaptive evo-
lution (Neher and Hallatschek 2013), and in contrast to
monotonically decaying SFS in neutrality (fig. 2c¢ and
Supplementary Material online). In addition, we observe sig-
nificant overrepresentation of high-frequency synonymous
mutations in productive lineages of HIV patients and healthy
individuals, which indicates hitchhiking of neutral mutations
with positively selected alleles. We evaluate the significance of
the signal by comparing to a bootstrapped distribution of an
ensemble of neutrally generated trees with otherwise similar
statistics to experimentally observed BCR lineages (fig. 2¢ and
supplementary fig. S3, Supplementary Material online). The
signal of positive selection is strongest in HIV patients with an
order of magnitude increase in the high end of the spectrum,
suggesting that the BCR population rapidly adapts in HIV
patients. In addition, this signal is not an artifact of heterog-
enous hypermutation patterns in BCRs, as shown by simu-
lations in supplementary figure S4, Supplementary Material
online.

A similar signal of adaptation based on the upturn in the
SFS has been observed among BCR lineages in response to
influenza vaccine in healthy individuals (Horns et al. 2019).
Although the upturn of SFS is often used as a standard signal
for selection in population genetics, it has low power in dis-
tinguishing between hitchhiking under selection or out-of-
equilibrium effects due to population structure in neutrality
(Jensen et al. 2005) (see Supplementary Material online). In
particular, the signal may be confounded in expanding pop-
ulations of B-cells during transient response to acute infec-
tions or vaccination.

Inferring Intralineage Selection and Interference from
Longitudinal Data

To understand the dynamics and fate of adaptive mutations
during chronic infection, we use the longitudinal nature of
the data to analyze the temporal structure of the lineages. We
estimate the likelihood that a new mutation appearing in a
certain region of a BCR reaches frequency x at some later time
within the lineage (fig. 3a), and evaluate a measure of selec-
tion g(x) as the ratio of this likelihood between nonsynony-
mous and synonymous mutations (Strelkowa and Lassig
2012) (see Materials and Methods and Supplementary

3

610z AN 21 uo Jasn Japjnog opelojo) 10 AusisAlun Aq |2 /615S/St L ZSW/ASGIOW/SE0 "0 L /I0p/1oBaSqe-a]oILe-00uBAPR/aqW /W02 dno olwapeose//:sdiy Woll papeojumo(]


Deleted Text: l
Deleted Text: g
Deleted Text: i
Deleted Text: p
Deleted Text: s
Deleted Text: B-cell receptor
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msz143#supplementary-data
Deleted Text: r
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msz143#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msz143#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msz143#supplementary-data
Deleted Text: -
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msz143#supplementary-data
Deleted Text: to
Deleted Text: ,
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msz143#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msz143#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msz143#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msz143#supplementary-data
Deleted Text: -
Deleted Text: -
Deleted Text: -
Deleted Text: f
Deleted Text: s
Deleted Text: i
Deleted Text: r
Deleted Text: a
Deleted Text: r
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msz143#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msz143#supplementary-data
Deleted Text: -
Deleted Text: -
Deleted Text: -
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msz143#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msz143#supplementary-data
Deleted Text: -
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msz143#supplementary-data
Deleted Text: -
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msz143#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msz143#supplementary-data
Deleted Text: in SI and 
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msz143#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msz143#supplementary-data
Deleted Text: site frequency spectrum
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msz143#supplementary-data
Deleted Text: i
Deleted Text: -l
Deleted Text: L
Deleted Text: s
Deleted Text: i
Deleted Text: l
Deleted Text: d
Deleted Text: -
Deleted Text: ,
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msz143#supplementary-data

MBE

Nourmohammad et al. - doi:10.1093/molbev/msz143

a) 10F " y " b
@) —— HIV patients (b) 4
8 — healthy, productive
. 3t
6 healthy, unproductive w
L
a neutral o,
o 4 o
2 1t
0 e e SN il ol ]
00 02 04 06 08 10 00 05 10 15 20
w.Iw mean terminal / mean pbrancn len
AT terminal / b h length
(c) HIV patients Healthy
= ) ®CDR3 ®FWR
=10 TS oV 10 \ oy ©CDR1/2 @ syn.
_.%. 5 5 % -- neutral
g 4 1
S 05 0.5
g 01 0.1
8 0.05 - 0.05
= 001 0.05 0.1 05 1.0 0.01 0.05 0.1 05 1.0

derived allele frequency, v

Fic. 2. Statistics of BCR lineage genealogies indicate positive selection. (a) The U-shaped distribution of sublineage weight ratios at the root of
lineage trees (see Supplementary Material online) wp/wanc. and (b) the distribution of elongated mean terminal branch length (in units of
divergence time) relative to the mean length of all branches in BCR lineages indicate positive selection in HIV patients and in healthy individuals
(colors), in contrast to the neutral expectation (dotted lines); see supplementary figure S2, Supplementary Material online, for comparison of tree
statistics under different evolutionary scenarios. (c) The site frequency spectrum (SFS) f(v) is shown for mutations in different regions of BCRs
(distinct colors) in HIV patients (left) and in healthy individuals (right); see supplementary figure S3, Supplementary Material online, for SFS of
unproductive BCR lineages. The frequencies are estimated within each lineage and the distributions are aggregates across lineages of size >100,
amounting to a total of 1,524 lineages in HIV patients and 2,795 lineages in healthy individuals; see supplementary table S1, Supplementary
Material online for details. The gray area shows the span of SFS across 100 realizations of simulated neutral trees (Kingman’s coalescent) with sizes
equal to the BCR lineages in HIV patients (left) and in healthy individuals (right). The significant upturn of the SFS for nonsynonymous mutations
in the CDR3 region is indicative of rapid evolution under positive selection. The upturn for synonymous mutations indicates hitchhiking of neutral

mutations along with the positively selected alleles (see Supplementary Material online).

Material online). The frequency of a mutation x, is estimated
as the relative size of its descendent clade at time t (number
of leaves in its subclade) to the total number of leaves in the
lineage at that time (fig. 3a). At frequency x =1 (i.e, substi-
tution), the likelihood ratio g(x) is equivalent to the
McDonald-Kreitman test for selection (McDonald and
Kreitman 1991). Generalizing it to x <1 makes it a more
flexible measure applicable to the majority of mutations
that only reach intermediate frequencies. Similar to
McDonald-Kreitman test, the likelihood ratio g(x) is relatively
robust to effects due to demography in comparison to the
SFS, as both synonymous and nonsynonymous mutations
experience similar demographic biases.

A major reason why many beneficial mutations never fix in
a lineage is clonal interference, whereby BCR mutants within
and across lineages compete with each other
(Nourmohammad et al. 2016). Clonal interference in popu-
lation genetics refers to a specific regime of evolution by
natural selection, where multiple beneficial mutations simul-
taneously and independently arise on different genetic back-
grounds and form competing clones. Here, we use the
population genetics definition of a “clone,” which refers to
the descendants (i.e, subclade) of a given mutation in a lin-
eage phylogeny, and although related, it should not be

confused by the immunological analogue in “clonal selection
theory” (Burnet 1976). In the absence of clonal interference,
beneficial mutations can readily fix after they rise to interme-
diate frequencies, beyond which stochastic effects cannot
impact their fate (Desai and Fisher 2007) (see Materials and
Methods and Supplementary Material online). Clonal com-
petition among beneficial mutations is common in large
adaptive asexual populations and reduces the rate of evolu-
tion by slowing down the successive fixation of beneficial
mutations (Schiffels et al. 2011). In this evolutionary regime,
the dynamics of beneficial mutations becomes more neutral
(Schiffels et al. 2011), resulting in a reduced efficacy of selec-
tion that hinders the emergence of very fit strains (e.g., a high-
affinity BCR). Moreover, the nonlinearity due to competition
among clones reduces the predictability of the fate of bene-
ficial mutations during evolution (Lassig et al. 2017).

To quantify the prevalence of clonal interference, we eval-
uate the nonsynonymous-to-synonymous ratio h(x) as the
likelihood for a mutation to reach frequency x and later to
go extinct (Strelkowa and Lassig 2012) (see fig. 3a, Materials
and Methods, and Supplementary Material online). In short,
the selection likelihood g(x) identifies “surges” and interfer-
ence likelihood h(x) “bumps” in frequency trajectories of
clones. These likelihood ratios have intuitive interpretations:
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Fic. 3. Inference of selection and clonal interference in BCR lineages. (a) Schematic shows time-dependent frequencies of four distinct mutations that rise
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and green) and the subset that later goes extinct due to clonal interference by H(x) (green). Classifying the mutations into nonsynonymous and
synonymous groups, we quantify the strength of selection using the likelihood ratios between the nonsynonymous and synonymous mutations,
g(x) = G(x)/Go(x), and h(x) = H(x)/Ho(x). A schematic B-cell genealogy (right) is shown for a lineage sampled at two time points (colors).
Nonsynonymous and synonymous mutations are shown by empty and filled circles and their time-dependent frequencies (x;, , x;,), as observed in
the sampled tree leaves, are indicated below a number of branches. The corresponding likelihood ratios are given below. (b) Selection likelihood ratio g(x)
in the V-gene class IGHV2-70D (top; pooled from 35 lineages) and the interference likelihood ratio h(x) for the V-gene class IGHV5-10-1(bottom; pooled
from 18 lineages) in patient 5 are plotted against frequency x for mutations in different BCR regions (colors). The likelihood ratios indicate positive selection
and strong clonal interference in the CDR3 region, negative selection on the FWR region and positive selection on mutations that rise to intermediate
frequencies in the joint CDR1/CDR2 regions. We do not observe interference in the FWR and the joint CDR1/CDR2 regions. The error bars are estimated
assuming a binomial sampling of the mutations (see Supplementary Material online). (c) Each panel shows the probability density across distinct VJ-gene
classes in HIV patients with interrupted treatment (left) and without treatment (right), of the fractions of beneficial and deleterious mutations otener. and
ogel. ON the right x-axis and the left inverted x-axis, respectively, that reach frequency x = 80% within a lineage (top), and similarly, the fractions of
beneficial and deleterious mutations (Kpenet. and Ke.) that reach frequency x = 60% within a lineage and later go extinct (bottom). The fraction of
selected mutations o, K are estimated based on the deviation of the likelihood ratios, g(x) and h(x), from 1in VJ-gene classes within each patient separately
(see Materials and Methods and Supplementary Material online). These aggregate statistics are then pooled together to form the histograms, without
averaging over VJ-genes across patients. The dotted gray line indicates the null distribution from unproductive lineages of healthy individuals (supple-
mentary fig. S8, Supplementary Material online). The probability densities are evaluated from 13,601 lineages and aggregated over 661 VJ-gene classes
pooled from the four patients with interrupted treatment (left), from 7,043 lineages with 373 VJ-gene classes pooled from the two untreated patients
(right) and from 2,903 unproductive lineages with 417 V)-gene classes pooled from three healthy individuals (dotted gray). The color code for distinct BCR
regionsin all panels is consistent with the legend; see Supplementary Material online for statistical details, supplementary table S1, Supplementary Material
online, for details on lineages and figure 4 and supplementary figs. S5, S6, S8, and S10, Supplementary Material online, for further analysis of likelihood ratios
and selection statistics.
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g(x) >1 shows overrepresentation of nonsynonymous to syn-
onymous mutations at frequency x and indicates evolution
under positive selection, with a fraction of at least otpener. (X)
= 1— 1/g(x) strongly beneficial amino acid mutations in a
given region (Smith and Eyre-Walker 2002). On the other
hand, the likelihood ratio g(x) <1 is indicative of negative
selection, where nonsynonymous mutations are suppressed,
with a fraction of at least oge (x) = 1 — g(x) strongly dele-
terious mutations (see Supplementary Material online for
a derivation of these bounds). Likewise, Kpener,(X) =1 — 1/
h(x) or Kge.(x) =1 — h(x) define a lower bound on the
fraction of either beneficial or deleterious mutations that go
extinct.

Region-Specific Patterns of Intralineage Selection and
Interference

To demonstrate the structure of the signal, figure 3b shows
the selection likelihood ratio g(x) in an HIV patient (patient 5)
for lineages belonging to a typical V-gene class IGHV2-70D
(see Materials and Methods); see supplementary fig. S5,
Supplementary Material online, for repertoire averaged sta-
tistics in all individuals. In this gene family, we detect positive
selection (g > 1) in the CDR3 region. We observe ~10% of the
854 nonsynonymous mutations in this gene-family reach fre-
quency x = 0.6, in comparison to only 5% of the 884 synon-
ymous mutations; mutations are pooled across 35 lineages
with an average CDR3 length of 45 bp. Therefore, the selec-
tion likelihood ratio g(x) has around a 2-fold larger fraction of
nonsynonymous compared with synonymous mutations in
the CDR3 region, which indicates that at least tpener, = 46%
of mutations that reach frequency x = 0.6 are strongly bene-
ficial. On the other hand, the likelihood ratio in FWR signals
strong negative selection (g< 1), where nonsynonymous
mutations reaching frequencies x =0.6 are two times less
frequent than the synonymous mutations, which indicates
at least ogel. = 37% of these mutations are strongly deleteri-
ous. In FWR, we identify 3,987 nonsynonymous mutations,
2% of which reach frequency x = 0.6, in comparison to 4% of
the 3,114 synonymous mutations; the average FWR length
among the 35 pooled lineages is 213 bp. Similarly, the inter-
ference likelihood ratio h(x) for a V-gene class IGHV5-10-1 in
patient 5 indicates that at least Kpenet. = 37% of CDR3 muta-
tions in this gene family that go extinct due to clonal inter-
ference are strongly beneficial (fig. 3b). This likelihood ratio is
estimated based on the observed 16% of the 231 nonsynon-
ymous mutations that reach frequency x= 0.6 and later go
extinct, in comparison to 8% of the 190 synonymous muta-
tions, pooled from 18 lineages that span over multiple time
points, with an average CDR3 length of 45 bp. We should
emphasize that the mutation frequencies x used for statistics
of a gene-family are evaluated within their respective lineages
but the likelihood ratios g(x),h(x) and their uncertainty
estimates are aggregate measures in the given gene family
(see Supplementary Material online).

To see how these observations generalize at the repertoire
level, we quantify the region-specific fraction of beneficial and
deleterious mutations within BCR lineages of distinct gene
classes and also the fraction of selected mutations that are

6

impeded by clonal interference (fig. 3¢ and table 1). Overall,
we observe that a substantial fraction of lineages (aggregated
into VJ-gene classes) carry positively selected amino acid
mutations in their CDR regions and negatively selected amino
acid mutations in FWRs. We infer that at least Gpener. = 12
—30% of CDR mutations that reach frequency x = 0.8 are
strongly beneficial and 4. = 16 — 20% of FWR mutations
that reach frequency x = 0.8 are strongly deleterious (table 1);
overbars indicate averages over VJ-gene classes. Figure 4
shows the detailed statistics of selected mutations in each
patient and supplementary figure S7, Supplementary Material
online, shows the inferred effective selection strengths s for
different V-gene classes (see Materials and Methods and
Supplementary Material online). The inferred effective selec-
tion strengths within the repertoire indicate a significantly
larger fraction of V-gene classes to carry positively selected
alleles in their CDRs as opposed to the overrepresented neg-
atively selected alleles in FWRs (supplementary fig. S7,
Supplementary Material online). A similar region-specific se-
lection pattern is evident in healthy individuals (supplemen-
tary fig. S8, Supplementary Material online).

Macro- and Microevolutionary Selection Fluctuations
Shape the Structure of BCR Lineages
The frequency-dependent behavior of the selection likelihood
ratio in figure 3 is a strong indicator for the underlying evo-
lutionary mode. In the absence of any competition and clonal
interference (i.e, independent site model), the likelihood for a
beneficial (deleterious) mutation to reach high frequencies
should deviate strongly from the neutral expectation, leading
to a rapidly increasing (decreasing) likelihood ratio g(x) as a
function of the frequency x; see Materials and Methods and
Supplementary Material online, for theoretical expectation in
this regime. As shown in supplementary figure S6,
Supplementary Material online, the data significantly deviates
from the expected behavior of the selection likelihood ratio
g(x) for independent site evolution under selection.
Competition among beneficial mutations reduces the rate
of BCR adaptation by slowing down the successive fixation
of beneficial mutations and can ultimately hinder the evolu-
tion of high-affinity BCRs. This clonal interference effectively
reduces the efficacy of selection (Schiffels et al. 2011) and can
lead to flattening of the selection likelihood ratio at high
frequencies, consistent with figure 3. Until a secondary com-
peting allele takes up a substantial fraction of a lineage, the
dynamics of the focal allele may be characterized by selection
with uncorrelated fluctuations, for example, due to sponta-
neous environmental noise such as access to T-cell help or
signaling molecules. We describe a theoretical model for this
process in Materials and Methods and show that the flatten-
ing of the likelihood ratio, up to intermediate frequencies, can
be explained by an effective selection strength s subject to
rapid microevolutionary fluctuations with an amplitude v; see
Materials and Methods and Supplementary Material online,
and the fitted model to the likelihood ratios in supplementary
figure S6, Supplementary Material online.

The interference likelihood ratio h(x) captures the long-
term turnover of circulating alleles, which we characterize by
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using the extinction probability of a rising allele under various . s 5| 3 giv 5
evolutionary scenarios (see Supplementary Material online). 2| 3| § < b L‘g e goE
New beneficial mutations overcome the risk of stochastic .§ TR E %ﬁ £
extinction by genetic drift once they reach the establishment g ° ° T g g ‘g g
frequency, which is inversely proportional to their selection 5 gg g5 ¢
coefficient (Desai and Fisher 2007). Therefore, for the majority £ .5 §|¢ 53 § §
of strongly beneficial mutations at high frequencies, extinc- % ‘ 5 pA| s pl g g NI
tion by genetic drift is an unlikely scenario. As we discussed S S|eazsh
earlier, rapid microevolutionary fitness fluctuations due to the 12 = 2 % g
environmental noise can slow down the rise of beneficial g - Sz 22
mutations in a lineage. An allele which is on an average del- o | = S« 2 'T'O_ 3 € &3
eterious can have a positive selection coefficient at some g S|z E' T g8 g E
instances due to fitness fluctuations and intermittently ham- '§ S |8 g 3 $w
per the rise of the dominant beneficial allele. However, these & g § £ g 2
fluctuations do not persist long enough for a deleterious mu- E S 3 o 2 % g 5
tant to fully replace an established beneficial allele. Therefore, E ¥ S<§ g5 = %
neither microevolutionary fluctuations nor drift can explain 8§ =°5 2 ‘fg i
the mutation turnovers observed in figure 3 and ° ° %ozr‘f £ é E
supplementary figure S6, Supplementary Material online. o jg § % B “;
We explain the rise and fall of beneficial mutations with IR
selection strength s, by clonal interference where a new ben- S HOH| 25852 s
eficial mutation with selection strength s, arises on a distinct Soo|=ag8ze
(formerly deleterious or neutral) genetic background and out- £ % & § g g
competes the circulating allele. We model this process as § scs| ¢ : fég
evolution with macroevolutionary selection fluctuations = ESES E 5 g 5? R
that occur at rates lower than the lifetime of a polymorphism T 2 Q8| 5388
in a lineage (Mustonen and Lassig 2009). In this picture, a 5 °eCICE g SE
rising new beneficial allele with selection strength s, makes a 8 o 8 -Fé = %
shift in selection coefficient of the dominant allele fs 1g393| %s3 % 3
so — So — 1. The persistence of such fitness shifts over mac- g3 00y § g § 5% o
roevolutionary time scales can lead to successive turnover of "E 333 & ;’ § §§ =
new beneficial mutations in a lineage, consistent with the 2 £ §§E§
observation in supplementary figure S6, Supplementary * sso| ! g-c; (E s 2
Material online. The comparison between the interference HE ;:%g : 525
likelihood ratios h(x) predicted by different evolutionary sce- € QRY| 88 g8
narios strongly indicates the prevalence of clonal interference ssol g § § Tz
and macroevolutionary selection fluctuations in shaping the o g gpg g é E
structure of BCR lineages for the V-gene classes in supple- 1222 & %“.g,: 22
mentary figure S6, Supplementary Material online. BRI s § 2 e
Overall, we observe that the positively selected mutations Ss o :E: g2y
in CDR3 and the pooled CDR1/CDR2 regions are strongly gg ;g %J@
impacted by clonal interference, in contrast to mutations in g | Ssosg gg ;/i s<
FWR (fig. 3¢ and table 1). In particular, using the interference B | 8| g S| 585528
likelihood ratio h(x), we infer a significant macroevolutionary £15 %/ =88 § § ‘;‘-" gg g
turnover in the preference for the selected alleles (see 5|5 °e°l3s58¢ 82
Materials and Methods and Supplementary Material online). § § E .% g _;-ﬁ 7: =
Supplementary figure S9, Supplementary Material online, = € é § E E%’ g ; E%
shows that strongly selected alleles in a lineage are often 21> 3 H0d s %f;_’ 83¢
replaced by a competing allele, with a selection strength larger 5| T s33| €58 <5
than expected. These observations indicate the abundance of § E s ‘q‘é ; C‘:i
beneficial mutations, leading to pervasive clonal interference ° SsSsS g ;g 2e8
and a long-term selection turnover in the regions of the BCR - eSS g5S8sT
with the most important functional role, at the repertoire E CR I Eg 3 32
level. Importantly, our simulations of affinity maturation e °e°l §gEF 33
show that the inference of region-specific selection and clonal “ PR g % %
. . . .. - o = c <
interference in BCRs is insensitive to the heterogenous hyper- 2 OC | LE § g éé‘
mutation statistics and the presence of mutational hotspots K 883| s¢ % g5%
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in CDRs (see Materials and Methods and supplementary fig.
S$10, Supplementary Material online).

In short, we observe a large fraction of adaptive mutations,
and also a substantial amount of clonal interference among
them which prevents some of the mutations from dominat-
ing within lineages.

Viral Expansion Drives the BCR Repertoire Response
with Strong Selection and Clonal Interference

In patients with interrupted ART, we infer a substantially
larger fraction of beneficial mutations to rise with strong
clonal interference in pathogen-engaging CDR3 regions fol-
lowing the interruption of treatment, compared with the
ART-naive patients with a stable chronic infection (table 1
and fig. 3); The CDR3 statistics of the two patient groups are
significantly distinct based on the two-sample KS test for the
selection statistics, P value = 5 x 1078 and for the clonal
interference statistics, Pvalue =5 x 1074 Such a shift is
not present for mutations in CDR1, CDR2, and FWR (P values
>0.1, two-sample KS test); see figure 3, table 1, and
Supplementary Material online. Moreover, we observe that
the expansion of the HIV population is met with strong pos-
itive selection and clonal interference of beneficial mutations
in BCRs. Specifically, selection and clonal interference in the
CDR3 region strongly correlate with changes in viral load
during the 2.5 years of study (fig. 4 and supplementary fig.
S7 and table S2, Supplementary Material online). No such
correlation is observed in CDR1, CDR2, and FWR (fig. 4).
This result is consistent with our inference of strong positive
selection and clonal interference in CDR3 of patients who had
terminated ART after the first year of treatment, and hence,
have the largest change in their viral load.

This evolutionary pattern is consistent with the rate of
HIV-1 evolution in patients with different states of therapy.
Genome-wide analysis of HIV-1 has revealed that evolution of
the virus within ART-naive patients slows down during
chronic infections with the majority of mutations happening
as reversions rather than immune escape and with limited
clonal interference in viral populations (Zanini et al. 2015). In
a separate study by SPARTAC (Roberts et al. 2015), ART-naive
patients show a slow and steady viral escape from the CTL
immune response over the first 2 years of infection. Our anal-
ysis suggests that the response at the repertoire level traces
the slow evolution of the virus during the chronic phase. On
the other hand, rapid expansion of HIV-1 following the inter-
ruption of ART drives a strong immune response. We hy-
pothesize that evolution of the HIV-1 population during
expansion introduces a time-dependent target for the adap-
tive immune system and opens up room for many beneficial
mutations in the pathogen-engaging CDR3 regions. The
emergence of beneficial mutations on separate backgrounds
results in evolution with clonal interference between clones in
the repertoire (figs. 3 and 4).

Discussion

Somatic evolution during affinity maturation is complex:
there is no one winner of the race for the best antibody.

8

We show that the B-cell repertoire mounts a relatively slow
response to the stable chronic HIV during the early stages of
infection in ART-naive patients. On the other hand, following
the interruption of ART in a number of patients, the expand-
ing HIV population drives strong affinity maturation in B-cells
with rapid dynamics and clonal interference. Overall, the
change in viral load correlates with the strength of selection
and clonal interference in BCR repertoires (fig. 4). Expansion
and growth of the HIV-1 population is often accompanied
with rapid evolution of the virus, which can exert a strong
selection on the adaptive immune system. We hypothesize
that the observed strong selection on BCRs is to counter the
viral evolution during its expansion. The extent of such co-
evolution can be tested in future experiments that trace the
intrapatient dynamics of BCR and HIV-1 populations over
time.

The lack of sequence fixation in a repertoire has been
previously observed at the level of monoclonal antibody lin-
eages in response to vaccination in mouse models (Berek and
Milstein 1987) and among many rising BCR clones over short
time scales (~ weeks), during a transient response of human
immune repertoires to the influenza vaccine (Horns et al.
2019). Many factors, including idiotypical interactions, result-
ing in frequency-dependent selection, or spatial structure of a
population have been hypothesized to contribute to the large
scale shifts in the repertoire structure, leading to a constant
rise of beneficial clones within a repertoire. Here, we provide a
principled approach to characterize macroevolutionary shifts
of immune repertoires (figs. 3 and 4; supplementary fig. S9,
Supplementary Material online) and show that the somatic
evolution of BCRs is not limited by beneficial mutations, the
supply of which can last over many years of a chronic
infection.

The dynamics of an adaptive immune response resembles
rapid evolution in asexual populations where many beneficial
mutations rise to intermediate frequencies leading to com-
plex clonal interference and genetic hitchhiking. Such evolu-
tionary dynamics is prominent in microbial populations
(Lassig et al. 2017), in viruses including HIV within a patient
(Pandit and De Boer 2014; Zanini et al. 2015) and global
influenza (Strelkowa and Lassig 2012; tuksza and Lassig
2014; Neher et al. 2014). In this evolutionary regime different
beneficial mutations arise at nearly the same time and com-
pete with each other, reducing the rate at which beneficial
mutations can accumulate. This is distinct from selection,
which is merely a difference in growth rate or survival of
different cells. Clonal interference can result from competi-
tion of BCRs for the same antigen or other stimulatory or
activation factors. In HIV patients, we expect that as long as
the CD4+ T-cell levels stay at its normal range (500-1,500 per
ml) to activate a large population of B-cells, as it is the case in
this study (supplementary table S2, Supplementary Material
online), clonal interference among many positively selected
mutations which chase the viral evolution should remain the
prominent mode of somatic evolution in BCRs on long time-
scales.

On one hand, the nonlinear clonal competition among
BCRs reduces the rate of adaptation during affinity
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FiG. 4. Fraction of beneficial and deleterious mutations in BCRs of all patients. (a) The box plots show the distributions across V-gene classes for the
fraction of beneficial opener. (filled boxes) and deleterious aqe. (empty boxes) mutations that reach frequency x = 80% within a lineage in each BCR
region: CDR3 (top, blue), CDR1/2 (middle, orange), and FWR (bottom, green); midline: median; box: 40% around median; bars: 80% around
median. (b) shows similar statistics for the fraction of beneficial and deleterious mutations (Kpenef., Kdel.) that reach frequency x = 60% within a
lineage and later go extinct, measuring the extent of clonal interference in B-cells. The patients are positioned along the x-axis in accordance to
their viral load change AV over the course of infection, estimated as the difference of the averaged log-viral load between the second year
(t > 48 weeks) and the first year (t < 48 weeks) of the study, AV = (log V)y,‘2 — (log V)ym; see supplementary table S2, Supplementary
Material online. Patients 1-2 are ART-naive and the rest had interrupted their treatments after week 48. The dashed line in each figure traces the
median for the distribution of the beneficial mutations (filled boxes) as a function of the change in viral load. In the CDR3 region, positive selection
and clonal interference among beneficial mutations are significantly stronger in patients with a larger change in viral load, with Spearman rank
correlation and significance indicated in the corresponding panels. The correlations in other regions are small ~0.1 and insignificant with
Pvalues > 0.01. Estimated correlations for the fraction of negatively selected mutations are small and insignificant (the values are not shown).
Correlations are estimated from the whole data and not only the median of the distributions, indicated by the dashed lines.

maturation, leading to a less predictable fate for good clones,
as they can be outcompeted by new mutants before they
dominate the immune response. On the other hand, in this
evolutionary regime, the fate of a lineage is not strongly im-
pacted by stochastic uncertainties due to waiting for new
beneficial mutations to arise, as a large supply of such muta-
tions is available in response to a pathogen. Thus, we hypoth-
esize that it should be feasible to infer fitness models that
primarily rely on the selection differences among circulating
BCRs to forecast the outcome of an immune response. Similar
approaches have been previously successful in forecasting the
fate of a selection-dominated evolving process to predict the
annually dominant strain of the influenza virus (tuksza and
Lassig 2014; Neher et al. 2014) and the response of evolving
tumors to cancer immunotherapy (tuksza et al. 2017).
Predicting the outcome and efficacy of B-cell response is of
significant consequence for designing targeted immune-
based therapies. Currently, the central challenge in HIV vac-
cine research is to devise a means to stimulate a lineage pro-
ducing highly potent broadly neutralizing antibodies (BnAbs).
A combination of successive immunization and ART has
been suggested as an approach to elicit a stable and effective
BnAb response (Caskey et al. 2016). An optimal treatment
strategy should leverage the information on the selected

clones among BCRs during a rapid immune response to an-
tigen stimulation, to overcome the nonlinear impact of clonal
interference and derive the immune response toward a de-
sired BnAb within the repertoire.

Materials and Methods

B-Cell Repertoire Data, Annotation, and Genealogies
We analyze B-cell repertoire data from six HIV patients from
Hoehn et al. (2015) with raw sequence reads accessible from
the European Nucleotide Archive under study accession
numbers, ERP009671 and ERP000572. The data covers ~2.5
years of study with six to eight sampled time points per pa-
tient; see supplementary table S1, Supplementary Material
online, for details. The B-cell repertoire sequences consist of
150-bp nonoverlapping paired-end reads (lllumina MiSeq),
with one read covering much of the V gene and the other
read covering the area around the CDR3 region and the )
gene. We analyze memory B-cell repertoire data of three
individuals published in DeWitt et al. (2016). We annotate
the BCR repertoire sequences of each individual (pooled time
points) by Partis (version 0.11.0) (Ralph and Matsen 2016)
and further process by MiXCR (Bolotin et al. 2015, 2017). To
identify BCR lineages, we first group sequences by the
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assigned V gene, ] gene, and CDR3 length, and then used
single linkage clustering with a threshold of 90% Hamming
distance. We reconstruct a maximume-likelihood genealogical
tree for sequences in each lineage. We use FastTree (Price
et al. 2010) to construct the initial tree by maximum parsi-
mony. We use this tree as seed for the maximum likelihood
construction of the phylogeny with RAXML (Stamatakis
2014), using the GTRCAT substitution model. Details of
data processing and error corrections and genealogy recon-
struction are discussed in supplementary figure S1,
Supplementary Material online.

Selection and Interference Likelihood Ratio
Hypermutations during affinity maturation create new clades
within a lineage. The frequency x of these clades changes over
time (fig. 3a). A mutation under positive (or negative) selec-
tion should reach a higher (lower) frequency than a neutral
mutation. We quantify the likelihood of a mutation reaching
a frequency x in its lifetime by G(x) = n(x)/N, where n(X) is
the number of mutations that reach frequency x and N is the
total number of mutations. We determine the selection like-
lihood ratio between nonsynonymous G(x) and synonymous
Go(x) mutations:

G(x)
Go (X)

We characterize clonal interference by the likelihood that a
mutation reaches frequency x and later goes extinct, H(x) =
G(x) x G(0[x) (Strelkowa and Lassig 2012); G(0|x) is the
conditional probability that a mutation starting at frequency
x goes extinct (fig. 3a). We estimate the interference likeli-
hood ratio by comparing the interference likelihood between
nonsynonymous H(x) and synonymous mutations, Ho(x)
(fig. 3a):

glx) =

H(x) G(x) x G(0]x)
Ho(x) ~— Go(x) X Go(0]x) "

h(x) =

Affinity Maturation with Fluctuating Selection

For independently occurring mutations, the conditional
probability G(x|x;,t) that a mutation with a starting fre-
quency x; reaches a frequency x by time t satisfies the back-
ward Kimura’s equation (Kimura 1964):

0 o
aG(x|x,-,t) =— [x(1—x) e
0
+s(ex(1 = x) -] Glxx, ),
with the boundary conditions G(x|0) =0 and

G(xi|x)) = 1. Here, s(t) =5+ n(t) is a fluctuating selec-
tion coefficient with average s and uncorrelated Gaussian
fluctuations #(t), with amplitude v, which we interpret as
microevolutionary fluctuations, as opposed to macro-
evolutionary (i.e., long term) correlations in environmen-
tal fluctuations. The solution to the stationary state
follows (Takahata et al. 1975):
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1— 1—x/a. |/1(§,V)
= 1—x;/a_
G(X|Xia57 )_ 1—x/a, |AGv)
|1 —x/a_ |

with as =1 [ +/1+4/v| and A(5,v)
=5/(v\/1+ 4/v). Expected selection likelihood ratio with
microevolutionary fluctuations g(x;s, v) = G(x|x;;s,v)/G(x
|xi; 0, ) fits the data up to intermediate frequencies x < 0.5
(supplementary fig. S6, Supplementary Material online), indi-
cating the prevalence of long-term fluctuations in the system.
We assume a simple scenario with macroevolutionary shift in
selection preference, where the competing allele can become
more beneficial over time, resulting in interference likelihood:

G(x|xi; S0, v) G(1]1

where s; # —s,. The expected likelihood ratio h(x; so, 51, V)
= H(x|xi; S0, $1,v)/H(x|x;; 0,0, V) fits the data (supplemen-
tary fig. S6, Supplementary Material online). Supplementary
figure S9, Supplementary Material online, shows the preva-
lence of such macroevolutionary fluctuations throughout the
repertoire.

H(X|)?i;5707$717V): _X;Silav)

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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