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Abstract A minor subset of individuals infected with HIV-1 develop antibody neutralization
breadth during the natural course of the infection, often linked to chronic, high-level viremia.
Despite significant efforts, vaccination strategies have been unable to induce similar
neutralization breadth and the mechanisms underlying neutralizing antibody induction remain
largely elusive. Broadly neutralizing antibody responses can also be found in individuals who
control HIV to low and even undetectable plasma levels in the absence of antiretroviral
therapy, suggesting that high antigen exposure is not a strict requirement for neutralization
breadth. We therefore performed an analysis of paired heavy and light chain B-cell receptor
(BCR) repertoires in 12,591 HIV-1 envelope-specific single memory B-cells to determine
alterations in the BCR immunoglobulin gene repertoire and B-cell clonal expansions that
associate with neutralizing antibody breadth in 22 HIV controllers. We found that the frequency
of genomic mutations in IGHV and IGLV was directly correlated with serum neutralization
breadth. The repertoire of the most mutated antibodies was dominated by a small number of
large clones with evolutionary signatures suggesting that these clones had reached peak affinity
maturation. These data demonstrate that even in the setting of low plasma HIV antigenemia,
similar to what a vaccine can potentially achieve, BCR selection for extended somatic
hypermutation and clonal evolution can occur in some individuals suggesting that host-specific
factors might be involved that could be targeted with future vaccine strategies.

Introduction

The induction of cross-reactive broadly neutralizing antibodies (bNAbs) that can effectively neu-
tralize a majority of circulating HIV-1 strains is a major goal of current HIV vaccine development,
but no vaccine candidate to date has achieved this goal (Burton and Hangartner, 2016). During
natural HIV-1 infection, development of neutralizing antibody responses is seen in about 10-30%
of HIV-1-infected individuals but often requires years of infection (Pilgrim et al., 1997). Specifi-
cally, high viremia (Mikell et al., 2011, CAPRISA002 Study Team et al., 2011) with rapid viral
diversification (NISC Comparative Sequencing Program et al., 2014; NISC Comparative
Sequencing Program et al, 2013) along with infection-associated immune activation
(Sather et al., 2009) have been associated with the evolution of antibody neutralization breadth.
One specific feature that characterizes many bNAbs is the high mutation frequency in their vari-
able domains, indicative of many cycles of somatic hypermutation (SHM) in immunoglobulin (Ig)
variable-diversity-joining [V(D)J] gene segments, ultimately resulting in superior B-cell receptor-
antigen affinity maturation (Victora and Nussenzweig, 2012). The requirement for repeated
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cycling through the germinal centers (GCs) to accumulate affinity and specificity enhancing muta-
tions is a lengthy process and is reflected by the time required for bNAbs to be elicited in the
presence of a constantly evolving virus. However, bNAbs with high potency and exquisite
breadth against cross-clade viral isolates have also been isolated from HIV-infected individuals
who spontaneously control HIV to low plasma levels in the absence of antiretroviral therapy ("HIV
controllers’) (Walker et al., 2009; Simek et al., 2009; Gonzilez et al., 2018, Schoofs et al.,
2019; Freund et al., 2017), thus suggesting that neutralizing antibody breadth may be achiev-
able in the absence of high levels of viremia and rapidly evolving viral diversity, a scenario that
more likely can be accomplished with vaccination strategies. In these HIV controller individuals,
evolution of neutralization breadth was linked to low but persistent HIV viral antigenemia in the
setting of a unique inflammatory profile, while antigenic diversity was not a significant contribu-
tor (Dugast et al., 2017). Thus, neutralizing antibody breadth may be achievable in the absence
of high levels of viremia and rapidly evolving viral diversity, therefore suggesting a scenario that
more likely can be accomplished with vaccination strategies. In this study, we selected 22 con-
trollers who exhibited different levels of neutralization breadth (ranging from 0/11 to 11/11 of
tier 2/3 viruses neutralized) (Freund et al., 2017; Dugast et al., 2017) to elucidate features of
the HIV-specific antibody repertoire that are associated with neutralization breadth. We per-
formed a natively paired heavy and light chain B-cell receptor repertoire analysis of HIV-1
envelope (Env)-specific memory B-cells (MBCs) using high-throughput single-cell sequencing to
determine alterations in the BCR Ig gene repertoire and B-cell clonal expansions that track with
neutralization breadth.

Results

Study cohort characteristics

Twenty-two HIV-infected individuals, 4 female and 18 male, were included in this study. 11 partici-
pants were African American and 11 were of European descent. All individuals were US-based and
therefore likely infected with clade B viruses. Plasma samples were tested for neutralizing activity
using a standard reference panel of tier 2 and 3 clade B Env pseudoviruses (Li et al., 2005). Six indi-
viduals neutralized >90% of viruses at 50% inhibitory dose (ID50) titers above background, and were
classified as top-neutralizer (TN), while seven individuals neutralized <10% of the panel viruses and
were classified as non-neutralizer (NN). The remaining individuals were considered
intermediate neutralizer, exhibiting neutralization of 36-82% of the virus panel (Supplementary file
1). There was no statistically significant difference in age (mean 53 years; min 44, max 63), CD4
count (mean 726 cells/ul [SD 168]), HIV RNA levels (mean 961 copies/ml [SD 1645]), and time-off-
ART (mean 17 years; min 4.5, max 30) between the TN and NN groups (Figure 1—figure supple-
ment 1). Single HIV-1 Env-specific CD19*CD20*IgMIgA"MBCs were FACS-sorted (Figure 1—figure
supplement 2) and we obtained repertoires of natively paired, full variable region IGH and IGL by
Immune Repertoire Capture analysis; 12,591 total sequence pairs were generated for all study par-
ticipants, with 5771 sequences from TN and 2707 sequences from NN (Figure 1—figure supple-
ment 2). To exclude potential bias caused by the number of input cells or sequences, we normalized
the proportion of each repertoire signature across all sequences in each individual (see
‘Materials and methods’). TN MBCs showed an Ig subclass distribution similar to serum IgG antibod-
ies, with average levels of IgG1 (78.6%) > IgG2 (12.5%) > 1gG3 (8.8%) > IgG4 (0.1%) while Ig sub-
classes from NNs differed in hierarchy with average levels of IgG1 (82.5%) > 19G3 (11.1%) > 1gG2
(6.2%) > 1gG4 (0.2%) (Figure 1A).

IGH-VDJ and IGL-VJ gene segment usage

The MBC repertoires were found to use 40 IGHV genes representing all seven human VH gene fami-
lies. Of the seven IGHV gene families, IGHV1 was most commonly used in both NN and TN reper-
toires, consistent with prior reports that anti-HIV antibodies frequently use IGHV1 genes
(Breden et al., 2011; Gorny et al., 2009; Figure 1—figure supplement 3A). The top two most fre-
quently used IGHV genes were IGHV1-69 and IGHV4-34 in both the TN and NN repertoires, fol-
lowed by IGHV4-4 in the TN and IGHV1-24 and IGHV1-2 in the NN repertoire (Figure 1—figure
supplement 3B). For IGHD and IGHJ genes, no statistical significant differences were observed. The
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Figure 1. Non-neutralizer (NN) and top-neutralizer (TN) memory B-cells (MBCs) B-cell receptor (BCR) repertoires. (A) IgG subclass distribution in NNs
and TNs. (B) The proportion of IGHV-IGLV gene combination in NN and TN individuals’ usage was averaged and plotted in heatmaps representing the
intensities of heavy and light chain paired V gene usage. (C) CDRH3 and CDRL3 length distribution (in aa) in NN and TN.

The online version of this article includes the following figure supplement(s) for figure 1:

Figure supplement 1. Non-neutralizer (NN) and top-neutralizer (TN) characteristics at time of sampling.
Figure supplement 2. Gating strategy to identify and sort single envelope (Env)-specific memory B cells.
Figure supplement 3. Non-neutralizer (NN) and top-neutralizer (TN) B-cell receptor (BCR) repertoires.

most frequently used heavy chain VDJ genes were IGHV1-69, IGHD3-22, IGHJ4 in NN and IGHV1-
69, IGHD4-17, IGHJ4 in TN. Among IGLV and IGLJ genes, IGLKV3 and IGLKV3-20 dominated in
both TN and NN repertoires (Figure 1—figure supplement 3B). This is consistent with previously
reported data showing the dominance of IGLKV3-20 (Jackson et al., 2012).

Cizmeci et al. eLife 2021;10:€62648. DOI: https://doi.org/10.7554/eLife.62648

30of15


https://doi.org/10.7554/eLife.62648

eLife

Cell Biology | Microbiology and Infectious Disease

We next compared the proportions of specific IGH/IGL pairs between TNs and NNs. IGHV1-69/
IGKV3-20 combination followed by IGHV1-69/IGKV1-5 dominated in NN while IGHV4-4/IGLVé6-57
followed by V1-69-2/LV1-51 were most frequently found in TNs (Figure 1B). Specifically the most
frequent IGHV-IGHJ-IGLV-IGLJ combination in NN was IGHV1-69/IGHJ6/IGKV3-20/IGKJ5 and
IGHV4-4/IGHJ6/IGLV6-57/IGLJ2 in TNs (Figure 1—figure supplement 3C). Overall, the frequencies
of the top 3 IGHV/HJ-IGLV/LJ pairs differed significantly between NNs and TNs (Mann Whitney
U-test, p<0.05). We next were interested to determine if we could find sequences of known bNAbs
as listed in the CATNAP database (Yoon et al., 2015) and as summarized by Sok and Burton, 2018,
using the same IGHV and IGLV gene segment usage and equal CDRH3 length as minimum criteria.
Overall, very few sequences in our data matched known bNAb IGHV and IGLV gene pairs and of
those none showed high levels of CDRH3 sequence similarity. No difference in these frequencies
between TNs and NNs was observed. Only the V3 glycan antibody BG18 that had been identified
previously in TN 622800 (Freund et al., 2017) was again detected in the BCR repertoire of this indi-
vidual (Supplementary file 3). Taken together, these results suggest that V(D)J gene usage
was similar overall between TNs and NNs, but the frequency and combination of IGH/IGL pairs dif-
fered between groups.

Characteristics of CDRs

Complementarity determining regions (CDRs) play critical roles in the binding of antibodies to anti-
gens and unusually long CDRH3s have been described for some bNAbs (Sok and Burton, 2018).
The CDRH3/L3 length in TNs was between 3 and 37 aa and 5 and 17 aa, respectively, and 4 to 31 aa
and 5 to 14 aa in the NN, respectively. CDRH3 length distribution in TN sequences was significantly
different to CDRH3 length distribution in NN sequences (p<2.2e-16 Kolmogorov-Smirnov test;
Figure 1C). Furthermore, significant differences in length were observed for CDRH2, CDRL1 (data
not shown), and CDRL3 (p<2.2e-16 Kolmogorov-Smirnov test; Figure 1C). There were no significant
differences for CDRH1 and CDRL2. The mean CDRH3 lengths observed here are more consistent
with what has been described in the CD4 binding site-specific bNAbs like VRCO1 and 3BNC117,
which have CDRH3 lengths of 14 and 12, respectively, while V2 and V3 glycan-specific bNAbs like
PGDM1400 and PGT121 have substantially longer CDRH3 length with 34 and 26 aa, respectively
(Sok and Burton, 2018). Nevertheless, CDRH3 length by itself is not a determining feature for neu-
tralization potency and breadth but rather CDRH3-specific sequence characteristics that contribute
to the superior binding activity of certain bNAbs. Other than for BG18, however, no CDRH3 sequen-
ces, that matched known bNAbs exactly, were indentified in our dataset.

Rates of SHM in IGHV and IGLV

When we calculated the number of SHMs in IGHV, we noticed that the TN repertoires had signifi-
cantly higher frequencies of nucleotide mutations compared to NN (mean + SD: 54 + 17 mutations
for TN and 29 + 8 mutations for NN, unpaired t-test, p<0.05) with more than 65% of sequences
showing mutation frequencies greater than 15% (Figure 2A). When comparing the frequency of
mutations in IGHV (TNs, NNs, and intermediate neutralizers) with the degree of serum neutralization
breadth across the entire cohort, a direct correlation was observed (Spearman’s rho = 0.60, p<0.01)
(Figure 2B and C). Similarly, SHM in IGLV (Figure 2D) was more frequent in TN than NN (mean +
SD: 35 + 18 mutations for TN and 14 + 5 mutations for NN, unpaired t-test, p<0.05) with more than
50% of sequences showing mutation rates greater than 10%. Here as well, the frequencies of muta-
tions in IGLV correlated with neutralization breadth (Spearman’s rho = 0.63, p<0.01; Figure 2E and
F). We were next interested to determine whether the IGH and IGL V-J gene usage would differ
between the more (with higher than 15% mutations in IGH, 10% mutations in IGL) and less (<15%
mutations in IGH, 10% mutations in IGL) mutated sequences. While including all sequences, indepen-
dent of the mutation rates, there was no apparent difference in IGHV-J (Figure 2G) or the IGLV-J
combinations between NNs and TNs (Figure 2H). For the sequences with higher than 15% muta-
tions in IGHV, however, which occurred nearly exclusively in the TNs, the pattern was distinct, dem-
onstrating a selection for fewer dominant V-J combinations (Figure 2G). In particular HJ4/HV1-69-2,
HJ6/HV4-4, HJ6/HV3-30.33, and HJ6/HV4-34 were significantly enriched in TN sequences with high
mutation rates (p<0.01, one-sided Fisher's exact test followed by correction for multiple comparison
using Benjamini-Hochberg method). The enrichment of HV4-34 usage (p<0.001, one-sided Fisher's
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Figure 2. Mutation characteristics of IGHV and IGLV genes and associations with neutralization breadth. (A) The overall mutation frequencies in IGHV in
top-neutralizers (TNs) versus non-neutralizers (NNs) are significantly different with mean number of mutations of 54 in TNs and 29 in NNs (unpaired
t-test, p<0.05). (B) The number of mutations in IGHV for each of the 22 study participants is plotted and the serum neutralization breadth is color-coded
ranging from blue (0% neutralization) to red (100% neutralization). (C) The mean frequency of mutations in IGHV correlates with the serum neutralization
breadth in % (Spearman'’s rho = 0.60, p<0.01). Similarly, for IGLV, the mean number of mutations differ (35 in TNs and 14 in NNs) (D) and correlates with
the serum neutralization breadth in % (r = 0.63, p<0.01) (E and F). Circos plots summarize the combinations of V and J segments used in the rearranged
IGH genes (G) and IGL genes (H) and V segment combinations of IGH and IGL (l) expressed by memory B-cells (MBCs). Top circos graphs demonstrate
combinations expressed by NN MBCs and second row graphs demonstrate TN MBCs independent of the number of detected mutations. Third and
fourth row circos graphs demonstrate gene combinations expressed by TN MBCs with low and high mutation rates. For each (G)/(H) plot, the bottom
half depicts J genes and the top half depicts V genes. For (1) top half depicts IGHV and bottom half IGLV. To exclude potential bias caused by the
number of input cells, the number of sequences in each repertoire signature was weighted by the total number of sequences and total number of
unique clones in each individual (see ‘Materials and methods’). The arc length of each segment denotes the normalized frequency at which each gene
segment was identified. Rearrangement of a J gene with a V gene segment in a clonal immunoglobulin (Ig) sequence is represented by a ribbon
(ribbons carry the color of the HV or LV family of the gene participating in the pairing). The width of the ribbons corresponds to the weighted frequency
at which each particular HV-HJ or LV-LJ rearrangement was used in the respective MBC repertoire.

exact test followed by correction for multiple comparison using Benjamini-Hochberg method), a fea-
ture of autoimmunity (Wardemann et al., 2003), in the TN sequences with high mutation rates, is
consistent with a recent report that suggested that HIV infection induces a permissive state in which
potentially autoreactive clones that would otherwise be eliminated can persist (Roskin et al., 2020).
A similar contraction to fewer dominant V-J combinations was also observed for sequences with
higher than 10% mutations in IGLV (Figure 2H). The frequencies of the paired IGHV and IGLV genes
(Figure 2I) demonstrated a dominant pairing of the HV1-69-2 and HV3-30.33 with LV1-51, and HV4-
4 with LV6-57 in TNs with >15% heavy chain mutations. Assuming that the somatic IGHV mutation
rates in B-cells correlate with the total exposure time in the GC environment, and in light of the fact

Cizmeci et al. eLife 2021;10:62648. DOI: https://doi.org/10.7554/eLife.62648 50of 15


https://doi.org/10.7554/eLife.62648

ELlfe Research article Cell Biology | Microbiology and Infectious Disease

C 1 Non-Neutralizer (NN) 1 Top-Neutralizer (TN) E NN

WCDR

M) R X

™ v N © A D %) > Q> >
R O N WX (,;\ ,b‘b P & X S 60 S D
N Q N O 2} © » ) VoD & ) )
A !x Q o) QO \2) Aol X 3 Vv N 5 >
Median % H mutation | VN PP AT AT Qv o P > .
Study participant ID -
0 10 20 30
F TN ’ﬁ
08 16 Wilcoxon, p = 0.014 o
0.8 R=-0.6, p=0.034
s T ) o
[S) 2
0.7 1.2 (°] «© 0.7
o) & £ &
£ o o 0.6
k= 06 =08 o - ° L
(Ol S a
B ‘ g 051 © C%
=04 od @] 10
05 0.4
’ o o ©
=>15% H mutation  <15% H mutation NN TN 0.5 1.0
Mean tree length 001

Figure 3. Clonality analysis. A total number of 770 clones were obtained for top-neutralizers (TNs). (A) Each clone is represented as a circle. The sizes of
the circles are scaled to the number of sequences in each clone (mean number of sequences 7.4); the colors represent mean number of mutations per
clone. Dominant clones consist of highly mutated sequences. (B) Gini index (0 represents perfect equality and one perfect inequality) was calculated as
an estimate of clonality for TNs for which a total of more than 600 sequences were obtained (subject IDs: 330183, 280008, 622800). Per each subject,
sequences were divided into two sets as high mutated sequences (>60 mutations) and low mutated sequences (<60 mutations). Each set of sequences
were clustered into clones and Gini index was calculated. Gini Index is higher (paired t-test, p=0.04) in highly mutated sequence sets supporting the
presence of fewer dominant clones. (C) Maximum likelihood point estimates of ® with 95% confidence intervals. (D) Estimates of mean tree length (total
substitutions per codon within a lineage, averaged across all lineages within a repertoire) were compared between TN and non-neutralizer (NN) using
Wilcoxon rank sum test (left graph). The correlation between ® and mean tree length calculated using Spearman’s correlation. Largest lineage trees in
NNs (E) and TNs (F).

that the TN and NN did not differ in age, time-off-ART, and viral loads, our data suggests that TNs
were more permissive for extensive SHM of B-cell clones.

Clonal selection

To further assess the clonal nature of the BCR repertoire in TNs, we clustered sequences into
clonal groups. Each unique clone is a cluster of sequences that meet the following criteria: (1)
derived from the same individual; (2) share the same V and J gene segment annotations in
heavy chain and light chain; (3) have equal CDRH3 length; and (4) junction regions share similar-
ity by a defined sequence distance cutoff (see ‘Materials and methods’). This clonal assignment
identified 770 clones (mean number of sequences 7.4) and showed that larger sized clusters
(dominant clones) consist of highly mutated sequences (Figure 3A). To quantify the greater clon-
ality of the highly mutated sequences, we used an unevenness measure, the Gini index. We
selected individuals (subject IDs: 330183, 280008, 622800) for whom a total of more than 600
sequences were available. Sequences were divided into two sets, highly mutated (>15% muta-
tions) and less mutated (<15% mutations) sequences. Each set of sequences was clustered into
clones and the Gini index was calculated based on the clone size distributions. For all three
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subjects, the Gini index was greater in the highly mutated set (paired t-test, p<0.04), thus sup-
porting the observation that the BCR repertoire becomes more narrow with increasing mutation
rates, suggesting the dominance of certain clones (Figure 3B).

Next, we estimated the evolutionary process of mutation and selection in B-cells using phylo-
genetic models. Selective dynamics have been estimated using ®: dN/dS, the ratio of nonsynon-
ymous (amino acid replacement) and synonymous (silent) mutation rates (Nielsen and Yang,
1998, Hoehn et al., 2019). Low wcpr values indicate fewer amino acid changes in CDRs than
expected suggesting negative BCR selection to remove affinity-decreasing variants, while positive
selection to introduce new affinity-increasing amino acid variants is associated with higher wcpgr
values. When comparing TNs to NNs we found an overall trend toward fewer amino acid
changes in the CDRs of TNs (maximum likelihood estimate of wcpr in Figure 3C) indicating
stronger purifying selection. Furthermore, the average lineage tree lengths ( the total expected
substitutions per codon site within an individual lineage phylogeny) was significantly higher in
TNs compared to NNs (p<0.05, Wilcoxon rank sum test) and correlated negatively with ®
(Figure 3D). The largest lineage trees constructed in TNs and NNs are visualized in Figure 3E
and Figure 3F, respectively. These results are therefore consistent with prior observations that
B-cell lineages shift toward negative selection over time as a general feature of affinity matura-
tion (Hoehn et al., 2019) and suggest that the dominant clones in the TNs have reached a
level, where the continuous accumulation of additional random amino acid changes would rather
be detrimental and decrease affinity (Clarke et al., 1985).

Discussion

Overall, when comparing frequencies of either IGH or IGL genes between those individuals who
developed antibody neutralization breadth compared to those who did not, the repertoire analysis
did not reveal substantial differences. This is consistent with the findings from Scheepers et al. who
analyzed the IGHV repertoires of bulk peripheral blood B-cells for 28 HIV-1 clade C infected South
African women with different ranges of serum neutralization breadth (Scheepers et al., 2015) and
observed a wide range in the number of IGHV alleles in each individual but did not find significant
differences in germline IGHV repertoires between individuals with or without bNAbs. When we how-
ever compared the repertoire of paired IGH/IGL sequences between both groups, clear differences
in the hierarchy of IGHV/IGHJ/IGLV/IGLJ combinations were observed. Despite these distinguishing
pattern, we did not observe an enrichment of known bNAb sequences in the TNs. In fact, we found
very few sequences in our cohort that matched IGHV-IGLV gene combinations and/or CDRH3 -
sequences of published Nabs (Sok and Burton, 2018) with BG18 being the exception. Indeed, addi-
tional bNAbs, such as the CD4 binding site antibody 3BNC117, have been isolated from HIV control-
lers (Scheid et al., 2011). The general absence of these or similar bNAb sequences in our data
therefore suggests that the neutralization breadth observed in the TNs was either from single bNAbs
with non-classical epitope specificities or due to multiple neutralizing antibodies targeting multiple
different epitopes. This distinction necessitates the generation of antibodies from a large number of
BCRs in the TNs for characterization of their neutralizing activities and such studies are planned in
the future.

In addition to the composition of the BCR repertoire, that separated TNs from NNs, both groups
were clearly distinguishable by the significantly higher rates of mutations in the VH and VL genes in
the individuals with neutralizing antibody breadth. Our data in HIV-1 specific B-cells confirms find-
ings recently reported by Roskin et al. in a bulk B-cell repertoire analysis, demonstrating that individ-
uals with neutralizing antibody breadth have hundreds to thousands of antibody lineages with long
CDRH3s and very high SHM frequencies (Roskin et al., 2020). Moreover, the mutation frequency in
our data correlated directly with the neutralization breadth consistent with the notion that high levels
of SHM are generally necessary for neutralization breadth and potency (Klein et al., 2013).

Initial interclonal and then intraclonal competition between B-cells during affinity maturation is
well described (Kuraoka et al., 2016; Tas et al., 2016), resulting in diverse repertoires. Indeed, we
found that with increasing numbers of mutations in HV, fewer clones with less diverse HV-HJ combi-
nations dominated, suggesting a process that allows these clones to mature and accumulate muta-
tions. Since GCs select for affinity and not for neutralizing breadth and since evolving viruses, such
as HIV-1, will continuously elicit novel immune responses from naive B-cells, strong effective
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selection normally occurs, so that antibodies specific to the contemporaneous virus have a sufficient
advantage to outcompete any less-specific potential broad neutralizers before they take hold.
Indeed, by focusing on the kinship relations among Ig gene segment recombinations within individ-
ual clones, we found evidence of natural selection in the NNs, with younger and less diverse clones
continuously evolving, constantly exploring novel evolutionary space. Conversely, in TNs, this contin-
uous evolution does not seem to occur, but rather specific evolutionary paths are pursued. One
potential mechanism behind this observation is that neutralizers may generate massive bursts of
clones that compete aggressively and prevent the evolution of lower affinity variants. Alternatively,
the effects of immunodominance where B-cell specific to an epitopic site dominate B-cells that tar-
get other sites, as has been described in influenza infection (Angeletti et al., 2017), might not occur
to the same degree in TNs as it might do in NNs. Indeed, a generalized deficiency of normal selec-
tion against B-cells expressing IgG with long CDRH3 regions and high SHM frequencies has been
associated with the development of HIV neutralizing breadth (Roskin et al., 2020).

While the selection process might be suppressed in the TNs early on, to allow extended SHM
with ongoing clonal evolution and increasing affinity, this process seems to revert during the later
stages of antibody evolution when the benefit of additional amino acid changes decreases, and puri-
fying selection becomes dominant and removes most non-synonymous mutations. Indeed, Yaari
et al. demonstrated that early mutations in the trunk of B-cell clonal lineages from healthy subjects
were consistent with positive selection pressure than more recent mutations in the canopy
(Yaari et al., 2015) and a negative relationship between both signs of increased negative selection
(low wCDR values) and mean repertoire tree length have been reported across subjects of different
age and sex (Hoehn et al., 2019). Interestingly, Wu and Sheng et al. observed that the evolutionary
rates of HIV-1 bNAb antibody lineages derived from different donors consistently decreased over
time (NISC Comparative Sequencing Program et al., 2015; Sheng et al., 2016), also suggesting
that SHM occurs at a faster rate during the early phase of lineage development while later on, a
decrease in mutation rates may be a mechanism to protect immune memory.

Several potential mechanisms for differences in BCR evolution and selection can be envisioned in
TNs versus NNs. B-cells with the highest affinity receptors tend to acquire the most antigen from the
follicular dendritic cell network and present the highest density of cognate peptides to CD4+ T-fol-
licular helper (Tfh) cells, which respond with survival signals to the B-cell. While some studies have
suggested that the quality and quantity of GC Env-specific Tth cells are associated with the expan-
sion of Env-specific B-cells and broader antibody neutralization activity (Yamamoto et al., 2015;
Moody et al., 2016), others have failed to find a correlation (Roskin et al., 2020). Interestingly, Cir-
elli et al. recently demonstrated that slow delivery of antigen resulted in enhanced autologous tier 2
nAb development in non-human primates by inducing higher frequencies of total and Env-specific
GC-Tth cells accompanied by larger and more diverse Env-specific B-cell lineages. In this model,
evolving B-cells with BCRs able to bind to a large array of Env variants, are likely able to capture
more antigen, present more effectively to Tth cells, and thus gain higher survival signals. Conversely,
B-cells able to bind tightly, but to only a narrow range of Env variants, will only capture a fraction of
arrayed antigens and receive less help. Thus, high affinity, narrow specificities may gain less support
compared to lower -affinity, broad -binders (De Boer and Perelson, 2017). Thus, while antigenemia
is lower in controllers, the low-level titration of antigen into the system may create a higher bar of
selection for evolving B-cell clones. Along with this high degree of competition, B-cell lineages in
HIV controllers able to bind many variants may capture larger amounts of antigen and therefore gain
enhanced signals from Tth cells (Fukazawa et al., 2015). Additionally, HIV controllers with low-level
viremia also exhibit unique inflammatory profiles, and sustained GC activity, collectively also poten-
tially providing an optimal environment for B- cell development.

In summary, development of B-cell lineages with superior neutralization breadth in HIV controllers
is linked to selected clonal evolution, therefore allowing B-cells to accumulate mutations and to
diversify without the constant risk of clonal interference. Immunization strategies that facilitate this
process by providing continuous, diverse, and subtherapeutically dosed antigen, in the setting of tar-
get inflammatory signals, could potentially accelerate the development of broad nAb responses in
vaccinees.
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Identifiers

Additional information

Chemical Propidium iodide Life Technologies Cat# P1304MP

compound, drug

Antibody Anti-CD3 Biolegend Cat# 300406, 10 ug/ml
(FITC, clone UCHT1) RRID:AB_314060

Antibody Anti-CD14 Biolegend Cat# 325604, Dilution (1:100)
(FITC, clone HCD14) RRID:AB_830677

Antibody Anti-IgM Biolegend Cat# 314506, Dilution (1:100)
(FITC, clone MHM-88) RRID:AB_493009

Antibody Anti-CD20 BD Biosciences Cat# 560735, Dilution (1:100)
(PE-cy7, clone 2H7) RRID:AB_1727450

Antibody Anti-CD19 Biolegend Cat# 302233, Dilution (1:100)
(BV421, clone HIB19) RRID:AB_10897802

Antibody Anti-lgA Miltenyi Biotec Cat# 130-093-071, Dilution (1:100)
(FITC, clone IS11-8E10) RRID:AB_1036156

Antibody hCD40L His tag BPS Biosciences Cat# 71191 Dilution (1:100)

Chemical Streptavidin conjugated to Life Technologies

compound, drug

PE or AlexaFluor 647

Recombinant protein

Clade B JR-CSF gp120,

JR-FL gp140, 92BR020

gp120, clade A BG505 SOSIP,
clade C IAVI C22 gp120

Duke Human Vaccine
Institute, protein
production facility

Cell line
(Homo sapiens)

Recombinant
DNA reagent

TZM-bl cells

AC10.0.29, RHPA4259.7,
THRO4156.18, REJO4541.67,
WITO4160.33, TRO.11,
SC422661.8, QH0692.42,
CAANS5342.A2, PVO.4
TRJO4551.58

NIH AIDS
Reagent Program

Seaman lab

Cat# 8129-442,
RRID:CVCL_B478

Plasmids

Commercial Ampure XP beads Beckman Coulter Cat# A63881

assay or kit

Commercial Quant-iT PicoGreen Invitrogen Cat# P7589

assay or kit dsDNA Assay Kit

Software, algorithm FlowJo https://www.flowjo.com/ RRID:SCR_008520
solutions/flowjo

Software, algorithm IgBLAST https://www.ncbi.nlm.nih.gov/ RRID:SCR_002873

igblast/

Software, algorithm

454 GS FLX data
analysis software

Roche

RRID:SCR_018028

Software, algorithm

R version 4.0.0

https://cloud.r-project.org

RRID:SCR_001905

Software, algorithm

Software, algorithm

Igphyml
(version 1.1.0)

Alakazam
(version 1.0.0)

https://igphyml.readthedocs.io/
en/latest/

https://alakazam.readthedocs.io/
en/1.0.1/news/

Human subjects

A total of 22 HIV-infected individuals were recruited for this study. All participants underwent leuka-
pheresis and routine blood draws as per study protocol. All subjects signed informed consent, and
the study was approved by the MGH/Partners Institutional Review Board (Protocol # 2003P001894).
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Neutralization assay

HIV-1 neutralization breadth was assessed using the Tzm-bl cell-based pseudovirus neutralization
assay, as described (Sarzotti-Kelsoe et al., 2014), against a standard panel of Env-pseudoviruses
derived from nine clade B tier 2 viruses: AC10.0.29, RHPA4259.7, THRO4156.18, REJO4541.67,
WITO4160.33, TRO.11, SC422661.8, QH0692.42, CAAN5342.A2, and two tier 3 viruses: PVO.4 and
TRJO4551.58 (Li et al., 2005). Murine leukemia virus (MuLV) was included in all assays as a negative
control. Neutralization titers (50% inhibitory dose [ID50]) were defined as the reciprocal of the
plasma sample dilution that caused a 50% reduction in relative luminescence units (RLUs) compared
to virus control wells after subtraction of background RLUs. Neutralization breadth was determined
as the proportion of pseudoviruses with an ID50 score threefold above background titers observed
against MuLV negative control virus (3x ID50 of MuLV) (Sarzotti-Kelsoe et al., 2014).

Cell lines

TZM-bl cells (also called JC53BL-13) were obtained from the NIH AIDS Reagent Program and
authenticated by (1) morphology and growth characteristics, (2) cell surface expression of CD4 and
co-receptors was assessed by flow cytometry, and (3) susceptibility in vitro to HIV, with readout
being firefly Luc activity in infected cell lysates. All cell lines were tested to confirm absence of myco-
plasma contamination.

Single-cell flow cytometry sorting

Isolated cells were stained with fluorochrome-antibody conjugates and reagents to identify antigen-
specific MBCs. The panel consisted of propidium iodide (Life Technologies); CD3 (FITC, clone
UCHT1), CD14 (FITC, clone HCD14), IgM (FITC, clone MHM-88), CD20 (PE-cy7, clone 2H7), CD19
(BV421, clone HIB19) (All Biolegend); IgA (FITC, clone IS11-8E10) (Miltenyi Biotec). Preformed conju-
gates for antigen-specific B-cell sorting were made as described (Sok et al., 2014) using streptavidin
conjugated to PE or AlexaFluor 647 (Life Technologies). B-cell probes were made using clade B JR-
CSF gp120, JR-FL gp140, 92BR020 gp120, clade A BG505 SOSIP, and clade C IAVI C22 gp120 tags
(Duke Human Vaccine Institute, protein production facility) and a cocktail of all antigens was used for
cell sorting. IgG+ B-cells were defined as CD3/14—, CD19+, CD20+, and IgA/IgM-; antigen-specific
B-cells positive for probes in either PE or APC color were sorted into 96-well U-bottom plates con-
taining 200 pl of B-cell culture medium (IMDM supplemented with FBS, Normocin, hIL-2, hIL-21,
hCD40L His tag, and anti-His antibody). After 4-day culture, the B-cells were sorted into microtiter
plates at one cell per well. Sorted plates were frozen immediately and maintained at —80°C before
reverse transcription (RT)/PCR.

BCR sequencing

Natively paired variable region sequences from individual cells were generated by RT, cDNA barcod-
ing, amplification, and sequencing as described previously (Tan et al., 2014; DeFalco et al., 2018).
cDNA sequences were determined by 454 Titanium sequencing. A minimum of 10 reads for each
chain (heavy and light) was required, and a contig was kept only if it included at least 90% of the
reads for that chain from that well. V(D)J assignment and mutation identification was performed
using IMGT reference sequences and IgBLAST through Immcantation analysis framework
(Supplementary file 2). Percentage SHM was calculated by calling observed mutations of the entire
input sequence compared to the germline sequence.

Analysis

Statistical analyses and visualizations were performed in R version 4.0.0 (April 24, 2020). Subclass dis-
tribution, gene family, and gene usage analysis: to exclude potential bias caused by the number of
input cells or sequences, we divided the number of occurrences of each repertoire signature by the
total number of all sequences for each individual. Gene recombination profiles: to avoid skewing of
mean frequencies when averaged across all individuals by individuals with high or low number of
available sequences (in particular for sequences with higher than 15% heavy chain mutations), nor-
malized frequencies were multiplied by a factor (number of unique clones per individual). For IGHV-
IGLV recombinations, the highly mutated sequences were defined using only heavy chain mutation
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cutoff. CDRH3 length distributions consist of CDRH3 length of each unique clone. Kolmogorov-Smir-
nov test was used to compare the distributions between TN and NN repertoires.

Mean number of mutations between TN and NN were compared using unpaired two-samples
t-test. All correlations were performed using Spearman’s correlation. Visualizations were performed
using R package ggplot2 (version 3.3.0). The flow graph of IGHV/IGHJ/IGLV/IGLJ combinations
were plotted using ggalluvial extension of ggplot2. Circos plots were generated using R package
circlize (version 0.4.9) chordDiagram function. The layout for clonal network visualization was
arranged using R package packcircles (version 0.3.3).

Clones were defined using DefineClones tool of the Immcantation analysis framework (50). Clones
consist of sequences that meet the following criteria: (1) come from the same individual; (2) share
the same IGHV and IGHJ gene segment annotations; (3) have equal CDRH3 length; and (4) share
sequence similarity calculated by nucleotide Hamming distance threshold of 0.16. Clonal groups
were then split that have differing IGLV and IGLJ gene segment annotations.

The clonality measure was estimated using Gini index and calculated using R package bcRep (ver-
sion 1.3.6) clones.ginilndex function.

Lineage trees were constructed using IgPhyML (version 1.1.0) (Stern et al., 2014). The HLP19
model was used to estimate maximum likelihood tree topologies. Clonal selection was estimated
using ®, also called dN/dS, or the ratio of nonsynonymous (amino acid replacement) and synony-
mous (silent) mutation rates. A value of =1 indicates totally neutral amino acid evolution, ®<1 neg-
ative selection, and ®>1 diversifying selection. The topology analyses were carried out using
Alakazam (version 1.0.0) (Gupta et al., 2015) and the lineage trees were visualized using R ggtree
(version 2.2.1).

Acknowledgements

We would like to thank the participants of the Ragon HIV controller studies from whom these sam-
ples were obtained, and the staff involved in all the sample collection and processing. We thank Dr
Daniel Lingwood for the careful review of the manuscript and his critical input. This work was funded
by Bill and Melinda Gates Foundation Collaboration for AIDS Vaccine Discovery (CAVD) grant
#OPP1066973 and #OPP1146996.

Additional information

Competing interests

Dongkyoon Kim, Guy Cavet, Ngan Nguyen: employee of Atreca Inc. Yann Chong Tan: Former
employee of Atreca Inc Now employee of Esco Ventures X. Galit Alter: GA is a founder of Seromyx
Systems. The other authors declare that no competing interests exist.

Funding

Funder Grant reference number  Author

Bill and Melinda Gates Foun-  OPP1146996 Michael S Seaman
dation

Bill and Melinda Gates Foun-  OPP1066973 Galit Alter

dation

Ragon Institute of MGH, MIT  Internal funds Boris Juelg

and Harvard

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

Deniz Cizmeci, Data curation, Formal analysis, Validation, Visualization, Methodology, Writing - origi-
nal draft, Writing - review and editing; Giuseppe Lofano, Formal analysis, Visualization, Methodol-
ogy, Writing - review and editing; Evan Rossignol, Formal analysis; Anne-Sophie Dugast,

Cizmeci et al. eLife 2021;10:62648. DOI: https://doi.org/10.7554/eLife.62648 11 of 15


https://doi.org/10.7554/eLife.62648

e Llfe Research article

Cell Biology | Microbiology and Infectious Disease

Conceptualization, Resources, Data curation, Methodology, Writing - review and editing; Dong-
kyoon Kim, Data curation, Formal analysis, Validation, Writing - review and editing; Guy Cavet, Data
curation, Formal analysis, Supervision, Validation, Methodology, Writing - review and editing; Ngan
Nguyen, Yann Chong Tan, Data curation, Formal analysis, Validation, Methodology, Writing - review
and editing; Michael S Seaman, Data curation, Formal analysis, Funding acquisition, Validation,
Methodology, Writing - review and editing; Galit Alter, Conceptualization, Supervision, Funding
acquisition, Investigation, Project administration, Writing - review and editing; Boris Julg, Conceptu-
alization, Supervision, Investigation, Visualization, Writing - original draft, Writing - review and
editing

Author ORCIDs
Boris Julg @® https://orcid.org/0000-0002-4687-9626

Ethics
Human subjects: All subjects signed informed consent, and the study was approved by the MGH/
Partners Institutional Review Board (Protocol #: 2003P001894).

Decision letter and Author response
Decision letter https://doi.org/10.7554/elife. 62648 sa'
Author response https://doi.org/10.7554/elife.62648.5a2

Additional files

Supplementary files

o Supplementary file 1. Study participant characteristics. CD4+ T-cell counts (cells/ul), viral loads
(HIV RNA copies/ml) and neutralization titers (50% inhibitory dose [ID50], 1/x] from each individual
against a panel of 11 tier 2 and 3 envelope (Env)-pseudoviruses and murine leukemia virus (MuLV)-
pseudotyped virion control. The right column (breadth %) shows the % of viruses that are neutralized
above background (3x MuLV control). Six individuals with neutralization of more than 90% of the
panel classified as top-neutralizer (TN) while neutralization of less than 10% of the panel viruses clas-
sified as non-neutralizer (NN).

« Supplementary file 2. Annotated sequences.

 Supplementary file 3. Sequences similarity with known broadly neutralizing antibody (bNAb)
families.

« Transparent reporting form

Data availability
All data generated or analysed during this study are included in the manuscript and supporting files.
A source data file (Supplementary file 2) has been provided for Figures 1-3.

References

Angeletti D, Gibbs JS, Angel M, Kosik I, Hickman HD, Frank GM, Das SR, Wheatley AK, Prabhakaran M, Leggat
DJ, McDermott AB, Yewdell JW. 2017. Defining B cell immunodominance to viruses. Nature Immunology 18:
456-463. DOI: https://doi.org/10.1038/ni.3680, PMID: 28192417

Breden F, Lepik C, Longo NS, Montero M, Lipsky PE, Scott JK. 2011. Comparison of antibody repertoires
produced by HIV-1 infection, other chronic and acute infections, and systemic autoimmune disease. PLOS ONE
6:16857. DOI: https://doi.org/10.1371/journal.pone.0016857, PMID: 21479208

Burton DR, Hangartner L. 2016. Broadly neutralizing antibodies to HIV and their role in vaccine design. Annual
Review of Immunology 34:635-659. DOI: https://doi.org/10.1146/annurev-immunol-041015-055515,
PMID: 27168247

CAPRISA002 Study Team, Gray ES, Madiga MC, Hermanus T, Moore PL, Wibmer CK, Tumba NL, Werner L,
Mlisana K, Sibeko S, Williamson C, Abdool Karim SS, Morris L. 2011. The neutralization breadth of HIV-1
develops incrementally over four years and is associated with CD4+ T cell decline and high viral load during
acute infection. Journal of Virology 85:4828-4840. DOI: https://doi.org/10.1128/JVI.00198-11, PMID: 21389135

Cizmeci et al. eLife 2021;10:62648. DOI: https://doi.org/10.7554/eLife.62648 12 of 15


https://orcid.org/0000-0002-4687-9626
https://doi.org/10.7554/eLife.62648.sa1
https://doi.org/10.7554/eLife.62648.sa2
https://doi.org/10.1038/ni.3680
http://www.ncbi.nlm.nih.gov/pubmed/28192417
https://doi.org/10.1371/journal.pone.0016857
http://www.ncbi.nlm.nih.gov/pubmed/21479208
https://doi.org/10.1146/annurev-immunol-041015-055515
http://www.ncbi.nlm.nih.gov/pubmed/27168247
https://doi.org/10.1128/JVI.00198-11
http://www.ncbi.nlm.nih.gov/pubmed/21389135
https://doi.org/10.7554/eLife.62648

e Llfe Research article

Cell Biology | Microbiology and Infectious Disease

Clarke SH, Huppi K, Ruezinsky D, Staudt L, Gerhard W, Weigert M. 1985. Inter- and intraclonal diversity in the
antibody response to influenza hemagglutinin. Journal of Experimental Medicine 161:687-704. DOI: https://
doi.org/10.1084/jem.161.4.687

De Boer RJ, Perelson AS. 2017. How germinal centers evolve broadly neutralizing antibodies: the breadth of the
follicular helper T cell response. Journal of Virology 91:00983-17. DOI: https://doi.org/10.1128/JVI.00983-17,
PMID: 28878083

DeFalco J, Harbell M, Manning-Bog A, Baia G, Scholz A, Millare B, Sumi M, Zhang D, Chu F, Dowd C, Zuno-
Mitchell P, Kim D, Leung Y, Jiang S, Tang X, Williamson KS, Chen X, Carroll SM, Espiritu Santo G, Haaser N,
et al. 2018. Non-progressing Cancer patients have persistent B cell responses expressing shared antibody
paratopes that target public tumor antigens. Clinical Inmunology 187:37-45. DOI: https://doi.org/10.1016/].
clim.2017.10.002, PMID: 29031828

Dugast AS, Arnold K, Lofano G, Moore S, Hoffner M, Simek M, Poignard P, Seaman M, Suscovich TJ, Pereyra F,
Walker BD, Lauffenburger D, Kwon DS, Keele BF, Alter G. 2017. Virus-driven inflammation is associated with
the development of bNAbs in spontaneous controllers of HIV. Clinical Infectious Diseases 64:1098-1104.

DOI: https://doi.org/10.1093/cid/cix057, PMID: 28158448

Freund NT, Wang H, Scharf L, Nogueira L, Horwitz JA, Bar-On Y, Golijanin J, Sievers SA, Sok D, Cai H, Cesar
Lorenzi JC, Halper-Stromberg A, Toth |, Piechocka-Trocha A, Gristick HB, van Gils MJ, Sanders RW, Wang LX,
Seaman MS, Burton DR, et al. 2017. Coexistence of potent HIV-1 broadly neutralizing antibodies and antibody-
sensitive viruses in a viremic controller. Science Translational Medicine 9:eaal2144. DOI: https://doi.org/10.
1126/scitranslmed.aal2144, PMID: 28100831

Fukazawa Y, Lum R, Okoye AA, Park H, Matsuda K, Bae JY, Hagen S|, Shoemaker R, Deleage C, Lucero C,
Morcock D, Swanson T, Legasse AW, Axthelm MK, Hesselgesser J, Geleziunas R, Hirsch VM, Edlefsen PT,
Piatak M, Estes JD, et al. 2015. B cell follicle sanctuary permits persistent productive simian immunodeficiency
virus infection in elite controllers. Nature Medicine 21:132-139. DOI: https://doi.org/10.1038/nm.3781,

PMID: 25599132

Gonzalez N, McKee K, Lynch RM, Georgiev IS, Jimenez L, Grau E, Yuste E, Kwong PD, Mascola JR, Alcami J.
2018. Characterization of broadly neutralizing antibody responses to HIV-1 in a cohort of long term non-
progressors. PLOS ONE 13:e0193773. DOI: https://doi.org/10.1371/journal.pone.0193773, PMID: 29558468

Gorny MK, Wang XH, Williams C, Volsky B, Revesz K, Witover B, Burda S, Urbanski M, Nyambi P, Krachmarov C,
Pinter A, Zolla-Pazner S, Nadas A. 2009. Preferential use of the VH5-51 gene segment by the human immune
response to code for antibodies against the V3 domain of HIV-1. Molecular Immunology 46:917-926.

DOI: https://doi.org/10.1016/j.molimm.2008.09.005, PMID: 18952295

Gupta NT, Vander Heiden JA, Uduman M, Gadala-Maria D, Yaari G, Kleinstein SH. 2015. Change-O: a toolkit for
analyzing large-scale B cell immunoglobulin repertoire sequencing data. Bioinformatics 31:3356-3358.

DOI: https://doi.org/10.1093/bioinformatics/btv359, PMID: 26069265

Hoehn KB, Vander Heiden JA, Zhou JQ, Lunter G, Pybus OG, Kleinstein SH. 2019. Repertoire-wide phylogenetic
models of B cell molecular evolution reveal evolutionary signatures of aging and vaccination. PNAS 116:22664—
22672. DOI: https://doi.org/10.1073/pnas.1906020116, PMID: 31636219

Jackson KJ, Wang Y, Gaeta BA, Pomat W, Siba P, Rimmer J, Sewell WA, Collins AM. 2012. Divergent human
populations show extensive shared IGK rearrangements in peripheral blood B cells. Immunogenetics 64:3-14.
DOI: https://doi.org/10.1007/s00251-011-0559-z, PMID: 21789596

Klein F, Diskin R, Scheid JF, Gaebler C, Mouquet H, Georgiev IS, Pancera M, Zhou T, Incesu RB, Fu BZ,
Gnanapragasam PN, Oliveira TY, Seaman MS, Kwong PD, Bjorkman PJ, Nussenzweig MC. 2013. Somatic
mutations of the immunoglobulin framework are generally required for broad and potent HIV-1 neutralization.
Cell 153:126-138. DOI: https://doi.org/10.1016/j.cell.2013.03.018, PMID: 23540694

Kuraoka M, Schmidt AG, Nojima T, Feng F, Watanabe A, Kitamura D, Harrison SC, Kepler TB, Kelsoe G. 2016.
Complex antigens drive permissive clonal selection in germinal centers. Immunity 44:542-552. DOI: https://doi.
org/10.1016/j.immuni.2016.02.010, PMID: 26948373

Li M, Gao F, Mascola JR, Stamatatos L, Polonis VR, Koutsoukos M, Voss G, Goepfert P, Gilbert P, Greene KM,
Bilska M, Kothe DL, Salazar-Gonzalez JF, Wei X, Decker JM, Hahn BH, Montefiori DC. 2005. Human
immunodeficiency virus type 1 env clones from acute and early subtype B infections for standardized
assessments of vaccine-elicited neutralizing antibodies. Journal of Virology 79:10108-10125. DOI: https://doi.
org/10.1128/JVI.79.16.10108-10125.2005, PMID: 16051804

Mikell I, Sather DN, Kalams SA, Altfeld M, Alter G, Stamatatos L. 2011. Characteristics of the earliest cross-
neutralizing antibody response to HIV-1. PLOS Pathogens 7:€1001251. DOI: https://doi.org/10.1371/journal.
ppat.1001251, PMID: 21249232

Moody MA, Pedroza-Pacheco |, Vandergrift NA, Chui C, Lloyd KE, Parks R, Soderberg KA, Ogbe AT, Cohen MS,
Liao HX, Gao F, McMichael AJ, Montefiori DC, Verkoczy L, Kelsoe G, Huang J, Shea PR, Connors M, Borrow P,
Haynes BF. 2016. Immune perturbations in HIV-1-infected individuals who make broadly neutralizing
antibodies. Science Immunology 1:aag0851. DOI: https://doi.org/10.1126/sciimmunol.aag0851, PMID: 287
83677

Nielsen R, Yang Z. 1998. Likelihood models for detecting positively selected amino acid sites and applications to
the HIV-1 envelope gene. Genetics 148:929-936. DOI: https://doi.org/10.1093/genetics/148.3.929, PMID: 953
9414

NISC Comparative Sequencing Program, Liao HX, Lynch R, Zhou T, Gao F, Alam SM, Boyd SD, Fire AZ, Roskin
KM, Schramm CA, Zhang Z, Zhu J, Shapiro L, Mullikin JC, Gnanakaran S, Hraber P, Wiehe K, Kelsoe G, Yang G,

Cizmeci et al. eLife 2021;10:62648. DOI: https://doi.org/10.7554/eLife.62648 13 0of 15


https://doi.org/10.1084/jem.161.4.687
https://doi.org/10.1084/jem.161.4.687
https://doi.org/10.1128/JVI.00983-17
http://www.ncbi.nlm.nih.gov/pubmed/28878083
https://doi.org/10.1016/j.clim.2017.10.002
https://doi.org/10.1016/j.clim.2017.10.002
http://www.ncbi.nlm.nih.gov/pubmed/29031828
https://doi.org/10.1093/cid/cix057
http://www.ncbi.nlm.nih.gov/pubmed/28158448
https://doi.org/10.1126/scitranslmed.aal2144
https://doi.org/10.1126/scitranslmed.aal2144
http://www.ncbi.nlm.nih.gov/pubmed/28100831
https://doi.org/10.1038/nm.3781
http://www.ncbi.nlm.nih.gov/pubmed/25599132
https://doi.org/10.1371/journal.pone.0193773
http://www.ncbi.nlm.nih.gov/pubmed/29558468
https://doi.org/10.1016/j.molimm.2008.09.005
http://www.ncbi.nlm.nih.gov/pubmed/18952295
https://doi.org/10.1093/bioinformatics/btv359
http://www.ncbi.nlm.nih.gov/pubmed/26069265
https://doi.org/10.1073/pnas.1906020116
http://www.ncbi.nlm.nih.gov/pubmed/31636219
https://doi.org/10.1007/s00251-011-0559-z
http://www.ncbi.nlm.nih.gov/pubmed/21789596
https://doi.org/10.1016/j.cell.2013.03.018
http://www.ncbi.nlm.nih.gov/pubmed/23540694
https://doi.org/10.1016/j.immuni.2016.02.010
https://doi.org/10.1016/j.immuni.2016.02.010
http://www.ncbi.nlm.nih.gov/pubmed/26948373
https://doi.org/10.1128/JVI.79.16.10108-10125.2005
https://doi.org/10.1128/JVI.79.16.10108-10125.2005
http://www.ncbi.nlm.nih.gov/pubmed/16051804
https://doi.org/10.1371/journal.ppat.1001251
https://doi.org/10.1371/journal.ppat.1001251
http://www.ncbi.nlm.nih.gov/pubmed/21249232
https://doi.org/10.1126/sciimmunol.aag0851
http://www.ncbi.nlm.nih.gov/pubmed/28783677
http://www.ncbi.nlm.nih.gov/pubmed/28783677
https://doi.org/10.1093/genetics/148.3.929
http://www.ncbi.nlm.nih.gov/pubmed/9539414
http://www.ncbi.nlm.nih.gov/pubmed/9539414
https://doi.org/10.7554/eLife.62648

e Llfe Research article

Cell Biology | Microbiology and Infectious Disease

Xia SM, Montefiori DC, et al. 2013. Co-evolution of a broadly neutralizing HIV-1 antibody and founder virus.
Nature 496:469-476. DOI: https://doi.org/10.1038/nature12053, PMID: 23552890

NISC Comparative Sequencing Program, Doria-Rose NA, Schramm CA, Gorman J, Moore PL, Bhiman JN,
DeKosky BJ, Ernandes MJ, Georgiev IS, Kim HJ, Pancera M, Staupe RP, Altae-Tran HR, Bailer RT, Crooks ET,
Cupo A, Druz A, Garrett NJ, Hoi KH, Kong R, Louder MK, et al. 2014. Developmental pathway for potent
V1V2-directed HIV-neutralizing antibodies. Nature 509:55-62. DOI: https://doi.org/10.1038/nature 13036,
PMID: 24590074

NISC Comparative Sequencing Program, Wu X, Zhang Z, Schramm CA, Joyce MG, Kwon YD, Zhou T, Sheng Z,
Zhang B, O'Dell S, McKee K, Georgiev IS, Chuang GY, Longo NS, Lynch RM, Saunders KO, Soto C, Srivatsan S,
Yang Y, Bailer RT, Louder MK, et al. 2015. Maturation and diversity of the VRCO1-Antibody lineage over 15
years of chronic HIV-1 infection. Cell 161:470-485. DOI: https://doi.org/10.1016/].cell.2015.03.004, PMID: 25
865483

Pilgrim AK, Pantaleo G, Cohen OJ, Fink LM, Zhou JY, Zhou JT, Bolognesi DP, Fauci AS, Montefiori DC. 1997.
Neutralizing antibody responses to human immunodeficiency virus type 1 in primary infection and long-term-
nonprogressive infection. The Journal of Infectious Diseases 176:924-932. DOI: https://doi.org/10.1086/
516508, PMID: 9333150

Roskin KM, Jackson KJL, Lee JY, Hoh RA, Joshi SA, Hwang KK, Bonsignori M, Pedroza-Pacheco |, Liao HX,
Moody MA, Fire AZ, Borrow P, Haynes BF, Boyd SD. 2020. Aberrant B cell repertoire selection associated with
HIV neutralizing antibody breadth. Nature Immunology 21:199-209. DOI: https://doi.org/10.1038/s41590-019-
0581-0, PMID: 31959979

Sarzotti-Kelsoe M, Bailer RT, Turk E, Lin CL, Bilska M, Greene KM, Gao H, Todd CA, Ozaki DA, Seaman MS,
Mascola JR, Montefiori DC. 2014. Optimization and validation of the TZM-bl assay for standardized
assessments of neutralizing antibodies against HIV-1. Journal of Immunological Methods 409:131-146.
DOI: https://doi.org/10.1016/}.jim.2013.11.022, PMID: 24291345

Sather DN, Armann J, Ching LK, Mavrantoni A, Sellhorn G, Caldwell Z, Yu X, Wood B, Self S, Kalams S,
Stamatatos L. 2009. Factors associated with the development of cross-reactive neutralizing antibodies during
human immunodeficiency virus type 1 infection. Journal of Virology 83:757-769. DOI: https://doi.org/10.1128/
JVI.02036-08, PMID: 18987148

Scheepers C, Shrestha RK, Lambson BE, Jackson KJ, Wright IA, Naicker D, Goosen M, Berrie L, Ismail A, Garrett
N, Abdool Karim Q, Abdool Karim SS, Moore PL, Travers SA, Morris L. 2015. Ability to develop broadly
neutralizing HIV-1 antibodies is not restricted by the germline ig gene repertoire. The Journal of Immunology
194:4371-4378. DOI: https://doi.org/10.4049/jimmunol.1500118, PMID: 25825450

Scheid JF, Mouquet H, Ueberheide B, Diskin R, Klein F, Oliveira TY, Pietzsch J, Fenyo D, Abadir A, Velinzon K,
Hurley A, Myung S, Boulad F, Poignard P, Burton DR, Pereyra F, Ho DD, Walker BD, Seaman MS, Bjorkman PJ,
et al. 2011. Sequence and structural convergence of broad and potent HIV antibodies that mimic CD4 binding.
Science 333:1633-1637. DOI: https://doi.org/10.1126/science. 1207227, PMID: 21764753

Schoofs T, Barnes CO, Suh-Toma N, Golijanin J, Schommers P, Gruell H, West AP, Bach F, Lee YE, Nogueira L,
Georgiev IS, Bailer RT, Czartoski J, Mascola JR, Seaman MS, McElrath MJ, Doria-Rose NA, Klein F,
Nussenzweig MC, Bjorkman PJ. 2019. Broad and potent neutralizing antibodies recognize the silent face of the
HIV envelope. Immunity 50:1513-1529. DOI: https://doi.org/10.1016/j.immuni.2019.04.014, PMID: 31126879

Sheng Z, Schramm CA, Connors M, Morris L, Mascola JR, Kwong PD, Shapiro L. 2016. Effects of darwinian
selection and mutability on rate of broadly neutralizing antibody evolution during HIV-1 infection. PLOS
Computational Biology 12:e1004940. DOI: https://doi.org/10.1371/journal.pcbi. 1004940

Simek MD, Rida W, Priddy FH, Pung P, Carrow E, Laufer DS, Lehrman JK, Boaz M, Tarragona-Fiol T, Miiro G,
Birungi J, Pozniak A, McPhee DA, Manigart O, Karita E, Inwoley A, Jaoko W, Dehovitz J, Bekker LG,
Pitisuttithum P, et al. 2009. Human immunodeficiency virus type 1 elite neutralizers: individuals with broad and
potent neutralizing activity identified by using a high-throughput neutralization assay together with an
analytical selection algorithm. Journal of Virology 83:7337-7348. DOI: https://doi.org/10.1128/JVI.00110-09,
PMID: 19439467

Sok D, van Gils MJ, Pauthner M, Julien JP, Saye-Francisco KL, Hsueh J, Briney B, Lee JH, Le KM, Lee PS, Hua Y,
Seaman MS, Moore JP, Ward AB, Wilson |A, Sanders RW, Burton DR. 2014. Recombinant HIV envelope trimer
selects for quaternary-dependent antibodies targeting the trimer apex. PNAS 111:17624-17629. DOI: https://
doi.org/10.1073/pnas.1415789111, PMID: 25422458

Sok D, Burton DR. 2018. Recent progress in broadly neutralizing antibodies to HIV. Nature Immunology 19:
1179-1188. DOI: https://doi.org/10.1038/s41590-018-0235-7, PMID: 30333615

Stern JNH, Yaari G, Vander Heiden JA, Church G, Donahue WF, Hintzen RQ, Huttner AJ, Laman JD, Nagra RM,
Nylander A, Pitt D, Ramanan S, Siddiqui BA, Vigneault F, Kleinstein SH, Hafler DA, O'Connor KC. 2014. B cells
populating the multiple sclerosis brain mature in the draining cervical lymph nodes. Science Translational
Medicine 6::248ra107. DOI: https://doi.org/10.1126/scitranslmed.3008879

Tan YC, Blum LK, Kongpachith S, Ju CH, Cai X, Lindstrom TM, Sokolove J, Robinson WH. 2014. High-throughput
sequencing of natively paired antibody chains provides evidence for original antigenic sin shaping the antibody
response to influenza vaccination. Clinical Immunology 151:55-65. DOI: https://doi.org/10.1016/j.clim.2013.12.
008, PMID: 24525048

Tas JM, Mesin L, Pasqual G, Targ S, Jacobsen JT, Mano YM, Chen CS, Weill JC, Reynaud CA, Browne EP,
Meyer-Hermann M, Victora GD. 2016. Visualizing antibody affinity maturation in germinal centers. Science 351:
1048-1054. DOI: https://doi.org/10.1126/science.aad3439, PMID: 26912368

Cizmeci et al. eLife 2021;10:62648. DOI: https://doi.org/10.7554/eLife.62648 14 of 15


https://doi.org/10.1038/nature12053
http://www.ncbi.nlm.nih.gov/pubmed/23552890
https://doi.org/10.1038/nature13036
http://www.ncbi.nlm.nih.gov/pubmed/24590074
https://doi.org/10.1016/j.cell.2015.03.004
http://www.ncbi.nlm.nih.gov/pubmed/25865483
http://www.ncbi.nlm.nih.gov/pubmed/25865483
https://doi.org/10.1086/516508
https://doi.org/10.1086/516508
http://www.ncbi.nlm.nih.gov/pubmed/9333150
https://doi.org/10.1038/s41590-019-0581-0
https://doi.org/10.1038/s41590-019-0581-0
http://www.ncbi.nlm.nih.gov/pubmed/31959979
https://doi.org/10.1016/j.jim.2013.11.022
http://www.ncbi.nlm.nih.gov/pubmed/24291345
https://doi.org/10.1128/JVI.02036-08
https://doi.org/10.1128/JVI.02036-08
http://www.ncbi.nlm.nih.gov/pubmed/18987148
https://doi.org/10.4049/jimmunol.1500118
http://www.ncbi.nlm.nih.gov/pubmed/25825450
https://doi.org/10.1126/science.1207227
http://www.ncbi.nlm.nih.gov/pubmed/21764753
https://doi.org/10.1016/j.immuni.2019.04.014
http://www.ncbi.nlm.nih.gov/pubmed/31126879
https://doi.org/10.1371/journal.pcbi.1004940
https://doi.org/10.1128/JVI.00110-09
http://www.ncbi.nlm.nih.gov/pubmed/19439467
https://doi.org/10.1073/pnas.1415789111
https://doi.org/10.1073/pnas.1415789111
http://www.ncbi.nlm.nih.gov/pubmed/25422458
https://doi.org/10.1038/s41590-018-0235-7
http://www.ncbi.nlm.nih.gov/pubmed/30333615
https://doi.org/10.1126/scitranslmed.3008879
https://doi.org/10.1016/j.clim.2013.12.008
https://doi.org/10.1016/j.clim.2013.12.008
http://www.ncbi.nlm.nih.gov/pubmed/24525048
https://doi.org/10.1126/science.aad3439
http://www.ncbi.nlm.nih.gov/pubmed/26912368
https://doi.org/10.7554/eLife.62648

e Llfe Research article

Cell Biology | Microbiology and Infectious Disease

Victora GD, Nussenzweig MC. 2012. Germinal centers. Annual Review of Immunology 30:429-457. DOI: https://
doi.org/10.1146/annurev-immunol-020711-075032, PMID: 22224772

Walker LM, Phogat SK, Chan-Hui PY, Wagner D, Phung P, Goss JL, Wrin T, Simek MD, Fling S, Mitcham JL,
Lehrman JK, Priddy FH, Olsen OA, Frey SM, Hammond PW, Kaminsky S, Zamb T, Moyle M, Koff WC, Poignard
P, et al. 2009. Broad and potent neutralizing antibodies from an african donor reveal a new HIV-1 vaccine
target. Science 326:285-289. DOI: https://doi.org/10.1126/science. 1178746, PMID: 19729618

Wardemann H, Yurasov S, Schaefer A, Young JW, Meffre E, Nussenzweig MC. 2003. Predominant autoantibody
production by early human B cell precursors. Science 301:1374-1377. DOI: https://doi.org/10.1126/science.
1086907, PMID: 12920303

Yaari G, Benichou JIC, Vander Heiden JA, Kleinstein SH, Louzoun Y. 2015. The mutation patterns in B-cell
immunoglobulin receptors reflect the influence of selection acting at multiple time-scales. Philosophical
Transactions of the Royal Society B: Biological Sciences 370:20140242. DOI: https://doi.org/10.1098/rstb.2014.
0242

Yamamoto T, Lynch RM, Gautam R, Matus-Nicodemos R, Schmidt SD, Boswell KL, Darko S, Wong P, Sheng Z,
Petrovas C, McDermott AB, Seder RA, Keele BF, Shapiro L, Douek DC, Nishimura Y, Mascola JR, Martin MA,
Koup RA. 2015. Quality and quantity of TFH cells are critical for broad antibody development in SHIVADS8
infection. Science Translational Medicine 7:298ra120. DOI: https://doi.org/10.1126/scitranslmed.aab3964,
PMID: 26223303

Yoon H, Macke J, West AP, Foley B, Bjorkman PJ, Korber B, Yusim K. 2015. CATNAP: a tool to compile, analyze
and tally neutralizing antibody panels. Nucleic Acids Research 43:W213-W219. DOI: https://doi.org/10.1093/
nar/gkv404, PMID: 26044712

Cizmeci et al. eLife 2021;10:62648. DOI: https://doi.org/10.7554/eLife.62648 15 of 15


https://doi.org/10.1146/annurev-immunol-020711-075032
https://doi.org/10.1146/annurev-immunol-020711-075032
http://www.ncbi.nlm.nih.gov/pubmed/22224772
https://doi.org/10.1126/science.1178746
http://www.ncbi.nlm.nih.gov/pubmed/19729618
https://doi.org/10.1126/science.1086907
https://doi.org/10.1126/science.1086907
http://www.ncbi.nlm.nih.gov/pubmed/12920303
https://doi.org/10.1098/rstb.2014.0242
https://doi.org/10.1098/rstb.2014.0242
https://doi.org/10.1126/scitranslmed.aab3964
http://www.ncbi.nlm.nih.gov/pubmed/26223303
https://doi.org/10.1093/nar/gkv404
https://doi.org/10.1093/nar/gkv404
http://www.ncbi.nlm.nih.gov/pubmed/26044712
https://doi.org/10.7554/eLife.62648

