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Although antiretroviral therapy (ART) successfully suppresses HIV-1 replication, ART-
treated individuals must maintain therapy to avoid rebound from an integrated viral
reservoir. Strategies to limit or clear this reservoir are urgently needed. Individuals
infected for longer periods prior to ART appear to harbor more genetically diverse virus,
but the roles of duration of infection and viral diversity in the humoral immune response
remain to be studied. We aim to clarify a role, if any, for autologous and heterologous
antibodies in multi-pronged approaches to clearing infection. To that end, we have
characterized the breadths and potencies of antibody responses in individuals with
varying durations of infection and HIV-1 envelope (env) gene diversity as well as the
sensitivity of their inducible virus reservoir to broadly neutralizing antibodies (bNAbs).
Plasma was collected from 8 well-characterized HIV-1+ males on ART with varied
durations of active infection. HIV envs from reservoir-derived outgrowth viruses were
amplified and single genome sequenced in order to measure genetic diversity in each
participant. IgG from plasma was analyzed for binding titers against gp41 and gp120
proteins, and for neutralizing titers against a global HIV-1 reference panel as well as
autologous outgrowth viruses. The sensitivity to bNAbs of these same autologous viruses
was measured. Overall, we observed that greater env diversity was associated with higher
neutralizing titers against the global panel and also increased resistance to certain bNAbs.
Despite the presence of robust anti-HIV-1 antibody titers, we did not observe potent
neutralization against autologous viruses. In fact, 3 of 8 participants harbored viruses that
were completely resistant to the highest tested concentration of autologous IgG. That this
lack of neutralization was observed regardless of ART duration or viral diversity suggests
that the inducible reservoir harbors ‘escaped’ viruses (that co-evolved with autologous
antibody responses), rather than proviruses archived from earlier in infection. Finally, we
observed that viruses resistant to autologous neutralization remained sensitive to bNAbs,
org September 2021 | Volume 12 | Article 7103271
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especially CD4bs and MPER bNAbs. Overall, our data suggest that the inducible reservoir
is relatively resistant to autologous antibodies and that individuals with limited virus
variation in the env gene, such as those who start ART early in infection, are more likely
to be sensitive to bNAb treatment.
Keywords: broadly neutralizing antibodies, HIV-1, diversity, env gene, autologous antibodies, ART suppression
INTRODUCTION

Although effective antiretroviral therapy (ART) suppresses HIV-1
replication, ART-treated individuals must maintain life-long
therapy to avoid rebound from a persistent viral reservoir, and
may experience adverse effects. This long-lived virus reservoir of
integrated provirus poses an obstacle to curing HIV-1, and a
deeper qualitative understanding of its composition may hold
clues for improving therapeutic as well as cure strategies.
Antibodies mediate effector functions such as neutralization and
opsonization that could aid in suppressing virus replication,
clearing infected cells, and boosting immune responses (1).
Anti-HIV-1 antibodies could therefore, be used to prevent
mother to child transmission (2) or reformatted as bi-specific or
tri-specific molecules (3). The characterization of broadly
neutralizing antibodies (bNAbs) capable of recognizing
genetically diverse HIV-1 Env proteins has led to robust
exploration of how to effectively use antibodies against the HIV-
1 reservoir. To date, the results of clinical trials passively infusing
bNAbs as IgG1 into chronically infected participants have been
modest (4–10). Infusion with a single bNAb can increase time to
rebound during analytic treatment interruption (ATI) (4, 10) or
reduce viral load in participants not on suppressive ART (5, 6, 9),
and these effects are improved with combination therapy (7, 8).
The modest nature of these effects may reflect the presence of virus
strains that are either completely resistant to the infused bNAb or
insufficient antibody concentration and/or penetration. Ultimately
the data suggest that the virus becomes sufficiently resistant to
replicate faster than the available concentration of bNAb can
neutralize. One clear lesson from these trials is that bNAbs were
more effective when participants were prescreened for
neutralization sensitivity, clearly indicating that further methods
for overcoming bNAb resistance are needed.

HIV-1 sexual transmission often begins with a single founder
virus (11–13) that diversifies over the course of infection
org 2
resulting in a diverse quasispecies (14, 15). This genetic
diversity is reflected in the integrated proviral reservoir as
reviewed in (16) and is a consequence of rapid virus mutation
during replication as well as selection pressure exerted by the
immune system. In particular, the autologous antibody response
exerts pressure on the HIV-1 env gene (17–20). Therefore, there
is a circular relationship after virus transmission that starts with
an antibody response that drives viral diversification, and results
in escape from the antibody response. This inherent tension
between the host immune system and virus replication is
frequently called an “arms race” (21), but the effects of the
arms race on efficacy of bNAb treatment during chronic
infection remain unknown. We therefore perceived a need to
define the complicated relationship between genetic diversity of
env, duration of active viral infection, autologous antibody titers
and reservoir virus sensitivity to bNAbs. We hypothesized longer
durations of HIV-1 replication before ART suppression would
lead to higher autologous antibody titers and to greater Env
diversity within the reservoir, which would be associated with
increased resistance to bNAbs.
MATERIALS AND METHODS

Study Participants
All participants were HIV-1 infected males on ART recruited
from the Maple Leaf Medical Clinic in Toronto, Canada, through
a protocol approved by the University of Toronto Institutional
Review Board. Secondary use of the samples from Toronto was
approved through the George Washington University
Institutional Review Boards. All subjects were adults and gave
written informed consent. Clinical data for these participants are
described in Table 1. We calculated an estimated date of
infection to be midway between the last negative test and first
positive test. The estimated duration of active infection was
TABLE 1 | Clinical characteristics of study cohort.

Participant ID Age Sex Viral Load
(copies/ml)

CD4 Count
(cells/mm3)

IUPM HIV
Subtype

Estimated duration of
unsuppressed infection (months)

Duration of ART
(years)

QVOA wells
(number)

OM5334 33 Male Undetectable 812 1.57 B 3 3 5
OM5267 29 Male Undetectable 429 2.34 B 10.5 3 4
OM5346 48 Male Undetectable 1182 0.27 B, AG 25.5 5 4
OM5148 47 Male Undetectable 733 1.02 B 69 10 5
CIRC0196 56 Male Undetectable 679 0.49 B 81.5 3 5
OM5162 53 Male Undetectable 478 0.65 B >3 14 5
OM5001 43 Male 42 540 10.46 B >14 9 4
OM5365 56 Male Undetectable 624 0.42 B >18 25 3
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calculated to be the months between the estimated date of
infection and the date of documented ART initiation.

QVOA
Leukapheresis was performed on ART-treated participants.
Peripheral blood mononuclear cells (PBMCs) were isolated by
centrifugation with Ficoll (GE Life Sciences). CD4 T cells were
enriched from PBMCs (Stemcell Technologies). Cells were
serially diluted (2 million, 1 million, 0.5 million, 0.2 million,
and 0.1 million cells/well) and plated in 24-well plates, with 12
replicates at each concentration. Phytohemagglutinin (PHA) and
irradiated allogenic HIV-negative PBMCs were added to activate
the CD4 T cells. CCR5+ MOLT-4 cells [NIH AIDS reagent
program (22)] were added 24 hours later for viral replication.
Media were changed every 3-4 days and ELISA for p24 protein
was performed after 14 days of culture as described in (23). In
general, supernatants were collected from p24+ wells for which
fewer than 50% of dilution replicates were positive. To increase
the volume of outgrowth virus available for use, viruses were re-
grown for 6 days by infecting and proliferating in new HIV-
negative CD4+ T cells.

Single Genome Sequencing
SGS was performed as previously described (24)} with the
following modifications. Viral RNA was extracted from culture
supernatants by QIAmp kit (Qiagen, Germantown MD). cDNA
was synthesized as previously described in (9), and env genes
were amplified by nested PCR using the Platinum Taq High
Fidelity polymerase (Invitrogen). Template cDNA was serially
diluted so that fewer than 33% of PCR replicates were positive,
ensuring that a majority of amplicons would be generated from a
single cDNA template. Well-described primers Env_outF1
(TAGAGCCCTGGAAGCATCCAGGAAG) and Env_outR1
(TTGCTACTTGTGATTGCTCCATGT) were used for first
round amplification, and Env_inF2 (CACCTTAGGCATCT
CCTATGGCAGGAAGAAG) and Env_inR2 (GTCTC
GAGATACTGCTCCCACCC) for the second round. In the
case of Subtype AG viruses from participant OM5346,
customized primer Env_innR3 (GATACTGCTCCCACC
CCATCTGC) was used in lieu of Env_inR2. All PCR mixes were
generated in PCR clean rooms free of post-PCR or plasmid DNA.
Amplicons were run on 1% agarose gels and sequenced by ACGT
Inc. A minimum of three single-template sequences were obtained
from each well. Sequences that contained stop codons, large
deletions, or mixed bases were removed from further analysis.

Maximum Likelihood Trees
All QC’ed sequences were translation aligned by participant to
generate individual nucleic acid alignments. Due to the additive
chances of mutation during replication in the QVOA assay,
cDNA synthesis, and PCR (25–27), wells were considered to
contain a single virus if no sequence contained more than four
amino acid mutations from the consensus sequence for that well,
and that each mutation was unique to that sequence. These
consensus sequences for all single-virus wells were translated and
protein sequences from all participants were aligned with
MUSCLE to Consensus B and AG sequences (www.hiv.lanl.
Frontiers in Immunology | www.frontiersin.org 3
gov). All alignments were hand-edited and gap-stripped for
regions that could not unambiguously be aligned. All sequence
analysis was performed in the Geneious suite version (9.0.5)
[http://www.geneious.com (28)]. Maximum likelihood trees
were generated from these alignments using RAxML-HPC
BlackBox (8.2.12) run on the Cyberinfrastructure for
Phylogenetic Research (CIPRES) Science Gateway. Trees are
rooted on midpoint for visualization using MEGA version X
(29, 30). Bootstraps greater than 90 are shown.

Average Pairwise Distance
Average pairwise distance was calculated using DIVEIN (https://
indra.mullins.microbiol.washington.edu/DIVEIN/diver.html).
Briefly, consensus protein sequences for viruses from each
individual were aligned with MUSCLE. Alignments were input
into DIVEIN using the HIVb substitution model to generate
average pairwise distance for each individual.

ELISA
IgG purification from plasma was performed with the Melon Gel
IgG purification kit (Thermo Fisher) according to the
manufacturer’s instructions. ELISAs against recombinant
proteins YU2 gp120 (provided by Dr. John Mascola) and DIII
gp41 (Abcam) were run as previously described (31), with the
following modifications. IgG was diluted to 50mg/mL and serially
diluted 5-fold to 0.0032mg/mL in B3T buffer (150 mM NaCl, 50
mM Tris-HCl, 1 mM EDTA, 3.3% fetal bovine serum, 2% bovine
albumin, 0.07% Tween 20). Briefly, 96-well ELISA plates were
coated with 2 mg/ml of the specified recombinant protein in
phosphate-buffered saline (PBS) overnight at 4°C. The following
day, the plates were blocked with B3T buffer. IgGs were detected
using peroxidase-conjugated goat anti-human IgG antibody
(Jackson ImmunoResearch). All incubations were for 1 h at
37°C, and all volumes were 100 ml, except for the blocking step,
which was 200 ml. The plates were washed between incubations
with 0.1% Tween 20 in PBS, detected using SureBlue TMB
substrate (SeraCare, VWR), and subsequently read at 450 nm.

Neutralization Assay
Single-round neutralization assays in Tzm-bl target cells [NIH
AIDS Reagent Program (32)] were performed as described
previously (23, 31, 33). Briefly, neutralization activity of
isolated plasma IgG samples were tested against both
heterologous HIV-Env pseudotyped viruses and replication-
competent autologous outgrowth viruses. IgG was diluted to
50mg/mL and serially diluted 5-fold to 0.0032mg/mL in duplicate.
Plasmids for pseudovirus production were from the global panel
of 12 reference env clones [NIH AIDS Reagent Program (34)].
Outgrowth viruses were kept in the presence of 3.5uM Indinavir
(Sigma-Aldrich) to prevent replication. Viruses were titered on
Tzm-bl target cells before use and diluted to target 5500 relative
luciferase units (RLU) for virus isolates (which were very low
volume) and 45,000 RLU for pseudovirus. Virus and antibody
pairings were incubated at 37°C for 30 min in 96-well clear flat-
bottom black culture plates (Greiner Bio-One) before Tzm-bl
cells were added at a concentration of 104 per well in the presence
of DEAE-Dextran (Sigma Aldrich) diluted to 20mg/ml. After
September 2021 | Volume 12 | Article 710327
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48 hours, plates were read by removing 100ml of media from each
well, and adding 100 ml of SpectraMax Glo Steady-Luc reporter
assay reagent (Molecular Devices). Luminescence intensity was
measured using a SpectraMax i3x multimode detection platform
(Molecular Devices). per the manufacturer’s instructions.
Neutralization curves were generated after background
subtraction of mean RLU of cell only wells by calculating the
change in RLUs in the presence of antibody to the mean RLU of
virus-only control wells. Curves were fit by nonlinear regression
using the asymmetric five-parameter logistic equation in Prism 9
(GraphPad). The 50% and 80% inhibitory concentrations (IC50

and IC80) were defined as the antibody dilutions that neutralize
50% and 80% of the virus, respectively.

Statistics
All statistical analyses were performed in Prism 9 (GraphPad).
Comparisons were performed using Mann Whitney and
correlations using non-parametric Spearman.
RESULTS

Association Between Genetic Diversity
and bNAb Sensitivity
To successfully contribute to curing HIV-1, bNAbs will need to
both neutralize circulating virus to prevent new infections, while
also tagging infected cells displaying viral antigen for killing by
immune cells. Previously we studied the abilities of bNAbs to
recognize both cell-free HIV virions as well as matched infected
cells from the inducible reservoir of 8 individuals. From these
studies, we observed both inter-and intra-individual variation in
bNAb sensitivity (23). Earlier studies have indicated that
diversity within the persistent HIV reservoir increases with
duration of active infection (13, 15, 35, 36), but it remains
unknown how this diversity could affect sensitivity to bNAb
neutralization. To study this question, we performed single
genome sequencing (SGS) on the 35 quantitative virus
outgrowth assay (QVOA) cultures from these 8 individuals
(Table 1). These 8 males represented a wide range of reservoir
sizes as measured by QVOA in infectious units per million cells
(IUPM) (Table 1). A minimum of 3 env sequences were
generated from each of the 3-5 QVOA supernatants.
Outgrowth wells were considered to contain a single virus if all
amplified sequences were within 4 amino acids of the consensus
and all mutations from consensus were unique (i.e., not fixed in
multiple sequences). We chose this definition to allow for
mutations that may have been caused during viral outgrowth,
reverse transcription, or PCR amplification (25–27). The
majority (77%) of QVOA wells contained only a single virus
by this criterion, and wells containing multiple viruses were
excluded from further analyses (Supplementary Figure 1). We
performed these analyses to ensure we only studied wells
containing a single virus, so that we could pair our functional
data to our genetic data and be confident that the sequence
studied was indeed the one being tested in vitro. In particular,
QVOA outgrowths for OM5148 contained multiple viruses in
4 out of the 5 wells, leading to only one well that passed our
Frontiers in Immunology | www.frontiersin.org 4
criteria for further phenotypic and phylogenetic studies. For all
wells containing a single virus, consensus sequences were
generated and aligned to produce a maximum-likelihood tree
of all Env proteins (Figure 1A). This sequencing revealed
that OM5346 was co-infected with both subtype B and AG
viruses, introducing a secondary source of diversity beyond
viral evolution.
A

B

FIGURE 1 | Genetic diversity of participant reservoir virus increases with
active infection length. (A) A minimum of 3 SGS sequences were used to
generate consensus sequences for each QVOA well. The protein sequence of
each well was aligned to consensus subtype B and AG and a maximum likelihood
tree was generated. Wells containing multiple viruses were excluded. Each dot
represents one QVOA outgrowth virus well and is color-coded by participant. The
tree is midpoint rooted for visualization and bootstraps over 90% are shown. (B)
For all participants a minimum duration of infection was calculated using the date
of diagnosis and date of ART initiation. For individuals for whom an HIV- date was
confirmed, an estimated length of infection was calculated using an estimated
date of infection as the midpoint between confirmed HIV- and HIV+ time points.
For each person, these estimated times of active infection are listed next to the
average pairwise distance (APD) of Env for their inducible reservoir viruses.
September 2021 | Volume 12 | Article 710327
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We next quantified genetic diversity for each individual by
calculating average pairwise distance (APD) between the
consensus protein sequences of their QVOA wells. OM5148
and OM5346 were excluded from this analysis for either
having only one sequence or multiple subtypes respectively;
therefore, we could only calculate APD for 6 of 8 participants
(Figure 1B). APDs varied among individuals, ranging from 0%
to 8.26%, but appeared to group into “high” diversity with APDs
greater than 6% (CIRC0196 and OM5162) or “low” diversity
with APDs less than 2% (OM5334, OM5267, OM5001 and
OM5365). We hypothesized that diversity was linked to
duration of actively replicating virus before ART suppression.
For 5 individuals there were clinical records documenting an
HIV-1 negative test date. We calculated an estimated date of
infection to be midway between the last negative test and first
positive test. We then estimated the duration of active infection
to be the months between the estimated date of infection and the
date of documented ART initiation. Of these 5 individuals, only
3 had calculated APDs because of lack of sequences or multiple
subtypes in the other individuals. The 2 individuals with an
estimated length of infection of less than a year were in the low
diversity group, and the person with an estimated length of
greater than six years was in the high diversity group
(Figure 1B). These observations are consistent with previous
Frontiers in Immunology | www.frontiersin.org 5
literature demonstrating that length of infection correlates with
increased genetic diversity (13, 15, 35, 36).

To investigate the relationship between genetic diversity and
bNAb sensitivity, we re-analyzed data on the neutralization
sensitivity of these QVOA outgrowths to 10 bNAbs (23). We
could now exclude wells that contained multiple viruses because of
the sequencing analyses. To quantify the bNAb sensitivity of each
individuals’ reservoir, the geometric mean IC50 for all outgrowth
viruses against bNAbs was calculated (Supplementary Table 1).
When graphed by APD, the geometric mean IC50s of high
diversity individuals’ viruses were not significantly different from
the low group when tested against CD4bs bNAbs (Figure 2A) or
10E8v4-V5F-100cF (Figure 2B). There are significant differences
between these groups, however, for bNAbs targeting V2-apex
(Figure 2C) and V3-glycan (Figure 2D) epitopes. High diversity
people exhibited more resistance to these bNAbs, although it is
important to note that OM5267 has very low diversity and is
completely resistant to the anti-V2-apex bNAbs.

Association Between Genetic Diversity
and Autologous Antibody
Recent papers have highlighted the role of autologous antibodies
in restricting virus from rebounding in vivo after ATI (37, 38).
To study the titers of autologous antibodies in each individual,
A

B

C

D

FIGURE 2 | Association between reservoir diversity and bNAb resistance. Each virus was tested for neutralization sensitivity against a panel of 10 HIV-1 bNAbs.
The geometric IC50 of each individuals’ virus-bNAb pairing was calculated by bNAb epitope: (A) CD4bs antibodies include VRC01, VRC07-523, 3BNC117, and N6,
(B) MPER antibody 10E8v4-V5F-100cF (because there is only one bNAb, IC50 is plotted), (C) V2-apex antibodies PGDM1400, CAP256.VRC26.25, and PG09, and
(D) V3-glycan targeting antibodies PGT121 and 10-1074. Geometric mean IC50s for each virus are color-coded by individual and grouped by high (>6%APD) or low
(<2% APD) Env diversity. Comparisons were performed by Mann-Whitney. * signifies p < 0.05. *** signifies p < 0.001. ns signifies p > 0.05.
September 2021 | Volume 12 | Article 710327
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we first isolated IgG from plasma because circulating ART can
confound anti-viral antibody assays. We next measured binding
titers against subtype B HIV-1 gp120 (Figure 3A) and gp41
proteins (Figure 3B). All participants exhibited similar gp41
binding curves with slightly more variation in binding to gp120.
Titers were quantified by calculating EC50 values, and there was
no apparent difference between people with high or low env
diversity (Figures 3C, D). There was also no correlation between
gp120 (Figure 3E) or gp41 (Figure 3F) titers and duration of
ART in our study samples.

Once it was established that all individuals had robust
antibody titers despite years of ART suppression (ranging
between 3 to 25), we next tested their abilities to neutralize
virus on a well-established global reference panel of HIV-1
pseudoviruses (34). On average, our study participants
neutralized 65.6% of these viruses, but this neutralization was
typically not potent, with a geometric mean IC50 of 25.5mg/mL
for neutralized viruses (Table 2). These neutralization patterns
are consistent with antibody responses during chronic infection
(34, 39, 40). We assigned an overall titer on the global panel for
each person by calculating a geometric mean IC50 for all viruses,
designating resistant viruses “50”. We observed an apparent
trend toward increased breadth and potency (lower geometric
Frontiers in Immunology | www.frontiersin.org 6
mean IC50) associated with increased env diversity (r = -0.77;
Figure 4A), but no detectable trend between this overall IC50 and
duration of ART (r = -0.27; Figure 4B).

To assess if these IgGs were effective against autologous
viruses, we performed neutralization assays against the same
QVOA outgrowth cultures we had sequenced. Importantly, these
polyclonal IgGs were derived from the plasma samples matched
to the leukapheresis cells used in the QVOA. Therefore, these
were the antibodies circulating at the time point from which the
reservoir viruses were isolated. Interestingly, across 22 pairings of
virus and autologous IgG, we observed no instances of potent
neutralization, suggesting that these viruses were mostly escaped
from circulating antibodies (Figure 5A).

Combination of Autologous and
Heterologous Antibody Sensitivity
Recent studies have demonstrated that autologous neutralization
can restrict which viruses rebound after ATI (37, 38). Therefore,
viruses that have not completely escaped the autologous antibody
response can be neutralized by these antibodies, and bNAb
therapy would need to particularly target autologous-resistant
virus. One of these studies demonstrated that autologous
neutralization with an IC50 less than 35 mg/ml was sufficient to
A B

C D

E F

FIGURE 3 | All participants exhibit detectable anti-HIV antibodies. IgG binding for each person was assessed by indirect ELISA against (A) YU2 gp120 and (B) DIII
gp41. EC50s for each participant against gp120 (C) and gp41 (D) were graphed by high (>6%APD) and low (<2% APD) Env diversity. EC50s for gp120 (E) and gp41
(F) were graphed against duration of ART. Comparisons were performed by Mann-Whitney and correlations by nonparametric Spearman.
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block outgrowth in the QVOA (38). We therefore, re-analyzed
our data using this suggested cutoff for autologous resistance. We
measured sensitivity to bNAbs targeting the CD4bs (Figure 5B),
V2-apex (Figure 5C), MPER (Figure 5D) or V3-glycan
(Figure 5E) by both autologous-resistant or sensitive viruses.
Interestingly although there was no difference in sensitivity to
bNAbs targeting the variable loop epitopes such as V3-glycan or
V2-apex, viruses resistant to autologous neutralization were more
sensitive to CD4bs antibodies (p = 0.011) and MPER-targeting
antibody10E8-v4-V5R-100cF (p = 0.0002).
DISCUSSION

Genetic diversity in the HIV-1 reservoir poses challenges for long-
term supplemental therapies to current ART and cure strategies.
To gain insight into how this diversity might be overcome to
improve antibody efficacy, we first explored the role of ART
suppression in decreasing the overall diversity of the viral
quasispecies. We found that 2 individuals with an estimated
T
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FIGURE 4 | Duration of infection and reservoir diversity are associated with
neutralization of global HIV-1 viruses. Geometric mean IC50 of IgGs against a
global HIV-1 reference panel were calculated for each individual and graphed
against (A) Env diversity and (B) duration of ART. Correlations were
calculated by nonparametric Spearman.
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duration of active viral replication before ART suppression of less
than a year had ‘low’ diversity whereas an individual with an
estimated duration of infection of greater than six years had ‘high’
diversity. Our limited sample size precluded correlation analysis
but is consistent with earlier studies (13, 15, 35, 36). We extended
these findings to assess how Env diversity related to bNAb
neutralization. Overall, geometric mean IC50s to CD4bs or
MPER bNAbs were not significantly different between
individuals with high or low Env diversity, but those with high
diversity were more likely to be resistant to V2-apex and V3-
glycan bNAbs. Interestingly, these are two epitopes highly affected
by glycosylation, and in fact glycans comprise part of the epitope
for some of these antibodies. Therefore, it seems plausible that
Frontiers in Immunology | www.frontiersin.org 8
longer duration of infection might affect glycans associated with
bNAb neutralization (41, 42). These data suggest that individuals
with shorter active infections, and by extension less reservoir
diversity, may be more effectively treated with bNAbs. However,
OM5267 did not follow this trend, and was completely resistant to
V2 antibodies despite very low Env diversity. This observation
highlights that even people who started ART early may harbor
bNAb resistant viruses, but it may be easier to pre-screen for this
resistance before enrolling in a clinical trial as there is less
likelihood of a minor resistant variant existing.

The role of autologous antibody responses is another area of
interest when considering cure strategies. During the course of
infection, antibodies generated against HIV-1 are insufficient to
A

B C

D E

FIGURE 5 | Sensitivity of the inducible reservoir to autologous IgG and to bNAbs targeting multiple epitopes. (A) IC50 values for each individual’s IgG against autologous
QVOA-derived viruses. Viruses resistant at 50µg/mL of IgG were denoted with “>50”. (B–E) Geometric mean IC50s of bNAbs were calculated for viruses resistant to
autologous neutralization (IC50 >35µg/mL) and those that were sensitive. IC50s were graphed by epitope targeted: (B) CD4bs antibodies include VRC01, VRC07-523,
3BNC117, and N6, (C) V2-apex antibodies include PGDM1400, CAP256.VRC26.25, and PG09, (D) MPER antibody 10E8v4-V5F-100cF, and (E) V3-glycan antibodies
include PGT121 and 10-1074. Geometric mean IC50s are color-coded by individual, and the limit of detection (50mg/ml) is indicated with a dotted line. * signifies p < 0.05.
*** signifies p < 0.001. ns signifies p > 0.05.
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prevent the spread of the virus, but can typically neutralize
viruses from earlier timepoints in the infection (17, 18, 42, 43).
Similarly, these antibodies are inadequate to prevent rebound
during an interruption of ART suppression; however, autologous
antibodies likely play a selective role in restricting which viruses
rebound from latently infected cells (37, 38). It also remains
incompletely understood how stable antibody responses remain
during ART. It is known that individuals who are suppressed
early after HIV-1 infection have low antibody titers (44), and it
has been observed that titers wane over time during durable
ART suppression, but not dramatically (45). We therefore
hypothesized that longer ART suppression would correlate
with lower antibody titers. In testing isolated IgG for the
ability to bind and neutralize heterologous virus, we observed
detectable binding titers and ‘average’ neutralization, suggesting
that autologous antibodies are both present and functional
irrespective of length of ART treatment – even up to 25 years.
It is important to note that our samples are cross-sectional, and
without longitudinal time points, we cannot directly address this
question of durability. We did observe a trend for individuals
with greater reservoir diversity and longer durations of infection
to have increased breadth and potency against a global HIV-1
reference panel. This trend was not statistically significant, likely
because of our small sample size, but is consistent with studies of
breadth development during chronic infection (46–49).

After establishing that HIV-1 specific antibodies were still
detectable and circulating, we examined their efficacy against
the participants’ own inducible reservoir viruses. We observed
no instances of potent neutralization, and indeed, many viruses
were completely resistant to autologous IgG at the highest
concentration tested (50 µg/mL). It is important to note that
these viruses were not cloned, and are T-cell derived, which can
result in increased resistance to antibody neutralization, likely
due to the number of HIV trimers expressed on the virion as
well as glycosylation patterns (50–53). Our data are consistent
with other reported autologous neutralizing antibody titers
from chronically suppressed individuals (38) and suggest that
the viruses have mainly evolved away from the circulating
antibodies and are already escaped or nearly-escaped.
These data are consistent with descriptions of autologous
neutralization during active chronic infection (17, 18, 42,
43), and therefore, also consistent with reports that the
majority of the reservoir is established at the time of ART
initiation (54). If the inducible reservoir did harbor archival
variants from earlier infection timepoints, we would expect to
see more potent autologous neutralization. Because we were
not able to deeply sample the reservoir, we cannot exclude the
possibility that rare, sensitive variants also exist. Finally, we
investigated the potential cooperation between autologous
antibodies and bNAbs by measuring bNAb sensitivity of
autologous-resistant viruses. If autologous antibodies can
restrict some proportion of viruses from rebounding from
the integrated reservoir, then potentially bNAb therapy could
focus on autologous-resistant viruses. Because of our small
sample size, we observed only 5 outgrowth viruses that were
neutralized by autologous antibodies, 3 of which were from a
single individual. Nevertheless, these viruses were more
Frontiers in Immunology | www.frontiersin.org 9
resistant to CD4bs antibodies and MPER-targeting antibody
10E8v4-V5F-100cF. It would be of interest to examine if
CD4bs and MPER bNAbs would in fact better restrict
autologous-resistant viruses.

In conclusion, our study finds that antibody titers and
functionality during ART suppression are quite similar to
those described during chronic infection. We found that the
inducible reservoir from these 8 individuals studied was fairly
refractory to autologous neutralization. This observation is
consistent with the reservoir being comprised of viruses that
had co-evolved with these antibodies and therefore, were
mostly escaped. We also observed a trend toward individuals
with shorter active infections, and by extension less reservoir
diversity, harboring reservoir viruses more sensitive to bNAbs.
These data suggest that individuals able to suppress virus
replication with ART early in infection may be more
effectively treated with bNAbs, and that particular care
should be taken when screening for bNAb resistant variants
in individuals who were infected for longer periods of time
before starting ART.
DATA AVAILABILITY STATEMENT

All sequence data is submitted to GenBank with accession
numbers OK011845-OK011988.
AUTHOR CONTRIBUTIONS

MK, CK, EB, and YR contributed data. AWa performed data
analysis. AWi, LS, MR, and ES collected data. RJ contributed
data and helped write the paper. AWi and RL conceived and
designed the experiments, performed analyses and wrote the
paper. All authors contributed to the article and approved the
submitted version.
FUNDING

Research reported in this publication was supported by the
National Institute of Allergy and Infectious Diseases of the
National Institutes of Health under award number
UM1AI126617 (to the Martin Delaney BELIEVE Collaboratory).
It was also supported by a supplement from the District of
Columbia Center for AIDS Research, an NIH funded program
(P30AI117970), which is supported by the following NIH Co-
Funding and Participating Institutes and Centers: NIAID, NCI,
NICHD, NHLBI, NIDA, NIMH, NIA, NIDDK, NIMHD, NIDCR,
NINR, FIC and OAR.
ACKNOWLEDGMENTS

We acknowledge the participants from the Toronto Maple Leaf
Medical clinic, who devoted time and effort toward HIV research.
We thank Sam Nicholes, Jumana Akoad and Michelle Papa for
September 2021 | Volume 12 | Article 710327

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Wilson et al. env Diversity and bNAb Sensitivity
helpful feedback. The following reagents were obtained through
the NIH AIDS Reagent Program, NIAID, NIH: MOLT-4/CCR5
from Dr. Masanori Baba, Dr. Hiroshi Miyake, Dr. Yuji Iizawa,
TZM-bl fromDr. John C. Kappes, Dr. XiaoyunWu and Tranzyme
Inc., and the Panel of Global Human Immunodeficiency Virus 1
(HIV-1) Env Clones, ARP-12670, from Dr. David Montefiori.
Andrew Wilson is a predoctoral student in the Microbiology and
Immunology Program of the Institute for Biomedical Sciences at
the George Washington University. This work is from a
dissertation to be presented to the above program in partial
fulfillment of the requirements for the Ph.D. degree.
Frontiers in Immunology | www.frontiersin.org 10
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2021.710327/
full#supplementary-material

Supplementary Figure 1 | Single genome amplification sequences obtained
from each individual. Maximum likelihood trees of all SGS sequences obtained for
each individual. (A) Trees of individuals with low diversity (<2% predicted APD).
Scale bars are 0.001 for these individuals, with the exception of OM5365 (grey),
where the scale bar is 0.0002. (B) Trees for individuals with high diversity (>2%
predicted APD). Scale bars are 0.01 for these individuals.
REFERENCES
1. Wang X-Y, Wang B, Wen Y-M. From Therapeutic Antibodies to Immune

Complex Vaccines. NPJ Vaccines (2019) 4:2–8. doi: 10.1038/s41541-018-0095-z
2. Voronin Y, Mofenson LM, Cunningham CK, Fowler MG, Kaleebu P,

McFarland EJ, et al. HIV Monoclonal Antibodies: A New Opportunity to
Further Reduce Mother-to-Child HIV Transmission. PloS Med (2014) 11:
e1001616. doi: 10.1371/journal.pmed.1001616

3. Ferrari G, Haynes BF, Koenig S, Nordstrom JL, Margolis DM, Tomaras GD.
Envelope-Specific Antibodies and Antibody-Derived Molecules for Treating
and Curing HIV Infection. Nat Rev Drug Discov (2016) 15(12):823–34.
doi: 10.1038/nrd.2016.173

4. Scheid JF, Horwitz JA, Bar-On Y, Kreider EF, Lu C-L, Lorenzi JCC, et al. HIV-
1 Antibody 3BNC117 Suppresses Viral Rebound in Humans During
Treatment Interruption. Nature (2016) 535(7613):1–21. doi: 10.1038/
nature18929

5. Caskey M, Klein F, Lorenzi JCC, Seaman MS, West AP, Buckley N, et al.
Viraemia Suppressed in HIV-1-Infected Humans by Broadly Neutralizing
Antibody 3BNC117. Nature (2015) 522:487–91. doi: 10.1038/nature14411

6. Caskey M, Schoofs T, Gruell H, Settler A, Karagounis T, Kreider EF, et al.
Antibody 10-1074 Suppresses Viremia in HIV-1-Infected Individuals. Nat
Med (2017) 23:185–91. doi: 10.1038/nm.4268

7. Mendoza P, Gruell H, Nogueira L, Pai JA, Butler AL, Millard K, et al.
Combination Therapy With Anti-HIV-1 Antibodies Maintains Viral
Suppression. Nature (2018) 561:479–84. doi: 10.1038/s41586-018-0531-2

8. Bar-On Y, Gruell H, Schoofs T, Pai JA, Nogueira L, Butler AL, et al. Safety and
Antiviral Activity of Combination HIV-1 Broadly Neutralizing Antibodies in
Viremic Individuals. Nat Med (2018) 24:1701–7. doi: 10.1038/s41591-018-
0186-4

9. Lynch RM, Boritz E, Coates EE, DeZure A, Madden P, Costner P, et al.
Virologic Effects of Broadly Neutralizing Antibody VRC01 Administration
During Chronic HIV-1 Infection. Sci Transl Med (2015) 7:319ra206–
319ra206. doi: 10.1126/scitranslmed.aad5752

10. Bar KJ, Sneller MC, Harrison LJ, Justement JS, Overton ET, Petrone ME, et al.
Effect of HIV Antibody VRC01 on Viral Rebound After Treatment
Interruption. N. Engl J Med (2016) 375:2037–50. doi: 10.1056/NEJMoa1608243

11. Keele BF, Giorgi EE, Salazar-Gonzalez JF, Decker JM, Pham KT, Salazar MG,
et al. Identification and Characterization of Transmitted and Early Founder
Virus Envelopes in Primary HIV-1 Infection. Proc Natl Acad Sci USA (2008)
105:7552–7. doi: 10.1073/pnas.0802203105

12. Derdeyn CA, Decker JM, Bibollet-Ruche F, Mokili JL, Muldoon M, Denham
SA, et al. Envelope-Constrained Neutralization-Sensitive HIV-1 After
Heterosexual Transmission. Science (2004) 303:2019–22. doi: 10.1126/
science.1093137

13. Kearney M, Maldarelli F, Shao W, Margolick JB, Daar ES, Mellors JW, et al.
Human Immunodeficiency Virus Type 1 Population Genetics and Adaptation
in Newly Infected Individuals. J Virol (2009) 83:2715–27. doi: 10.1128/
JVI.01960-08

14. Zanini F, Brodin J, Thebo L, Lanz C, Bratt G, Albert J, et al. Population
Genomics of Intrapatient HIV-1 Evolution. Elife (2015) 4:e11282.
doi: 10.7554/eLife.11282

15. Shankarappa R, Gupta P, Learn GH, Rodrigo AG, Rinaldo CR, Gorry MC,
et al. Evolution of Human Immunodeficiency Virus Type 1 Envelope
Sequences in Infected Individuals With Differing Disease Progression
Profiles. Virology (1998) 241:251–9. doi: 10.1006/viro.1997.8996

16. van Zyl G, Bale MJ, Kearney MF. HIV Evolution and Diversity in ART-Treated
Patients. Retrovirology (2018) 15(14):1–12. doi: 10.1186/s12977-018-0395-4

17. Moore PL, Ranchobe N, Lambson BE, Gray ES, Cave E, Abrahams M-R, et al.
Limited Neutralizing Antibody Specificities Drive Neutralization Escape in
Early HIV-1 Subtype C Infection. PloS Pathog (2009) 5:e1000598.
doi: 10.1371/journal.ppat.1000598

18. Rong R, Li B, Lynch RM, Haaland RE, Murphy MK, Mulenga J, et al. Escape
From Autologous Neutralizing Antibodies in Acute/Early Subtype C HIV-1
Infection Requires Multiple Pathways. PloS Pathog (2009) 5:e1000594.
doi: 10.1371/journal.ppat.1000594

19. Bar KJ, Tsao CY, Iyer SS, Decker JM, Yang Y, Bonsignori M, et al. Early Low-
Titer Neutralizing Antibodies Impede HIV-1 Replication and Select for Virus
Escape. PloS Pathog (2012) 8:e1002721. doi: 10.1371/journal.ppat.1002721

20. Mahalanabis M, Jayaraman P, Miura T, Pereyra F, Chester EM, Richardson B,
et al. Continuous Viral Escape and Selection by Autologous Neutralizing
Antibodies in Drug-Naive Human Immunodeficiency Virus Controllers.
J Virol (2009) 83:662–72. doi: 10.1128/JVI.01328-08

21. Bonsignori M, Liao H-X, Gao F, Williams WB, Alam SM, Montefiori DC,
et al. Antibody-Virus Co-Evolution in HIV Infection: Paths for HIV Vaccine
Development. Immunol. Rev (2017) 275:145–60. doi: 10.1111/imr.12509

22. Baba M, Miyake H, Okamoto M, Iizawa Y, Okonogi K. Establishment of a
CCR5-Expressing T-Lymphoblastoid Cell Line Highly Susceptible to R5 HIV
Type 1. AIDS Res Hum Retroviruses (2000) 16:935–41. doi: 10.1089/
08892220050058344

23. Ren Y, Korom M, Truong R, Chan D, Huang S-H, Kovacs CC, et al.
Susceptibility to Neutralization by Broadly Neutralizing Antibodies Generally
Correlates With Infected Cell Binding for a Panel of Clade B HIV Reactivated
From Latent Reservoirs. J Virol (2018) 92:e00895–18. doi: 10.1128/JVI.00895-18

24. Salazar-Gonzalez JF, Salazar MG, Keele BF, Learn GH, Giorgi EE, Li H, et al.
Genetic Identity, Biological Phenotype, and Evolutionary Pathways of
Transmitted/Founder Viruses in Acute and Early HIV-1 Infection. J Exp
Med (2009) 206:1273–89. doi: 10.1084/jem.20090378

25. Palmer S, Kearney M, Maldarelli F, Halvas EK, Bixby CJ, Bazmi H, et al.
Multiple, Linked Human Immunodeficiency Virus Type 1 Drug Resistance
Mutations in Treatment-Experienced Patients Are Missed by Standard
Genotype Analysis. J Clin Microbiol (2005) 43:406–13. doi: 10.1128/
JCM.43.1.406-413.2005

26. McInerney P, Adams P, Hadi MZ. Error Rate Comparison During Polymerase
Chain Reaction by DNA Polymerase. Mol Biol Int (2014) 2014:287430.
doi: 10.1155/2014/287430

27. Mansky LM, Temin HM. Lower In Vivo Mutation Rate of Human
Immunodeficiency Virus Type 1 Than That Predicted From the Fidelity of
Purified Reverse Transcriptase. J Virol (1995) 69:5087–94. doi: 10.1128/
JVI.69.8.5087-5094.1995

28. Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S, et al.
Geneious Basic: An Integrated and Extendable Desktop Software Platform for
the Organization and Analysis of Sequence Data. Bioinformatics (2012)
28:1647–9. doi: 10.1093/bioinformatics/bts199

29. Kumar S, Stecher G, Li M, Knyaz C, Tamura K. MEGA X: Molecular
Evolutionary Genetics Analysis Across Computing Platforms. Mol Biol Evol
(2018) 35:1547–9. doi: 10.1093/molbev/msy096
September 2021 | Volume 12 | Article 710327

https://www.frontiersin.org/articles/10.3389/fimmu.2021.710327/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.710327/full#supplementary-material
https://doi.org/10.1038/s41541-018-0095-z
https://doi.org/10.1371/journal.pmed.1001616
https://doi.org/10.1038/nrd.2016.173
https://doi.org/10.1038/nature18929
https://doi.org/10.1038/nature18929
https://doi.org/10.1038/nature14411
https://doi.org/10.1038/nm.4268
https://doi.org/10.1038/s41586-018-0531-2
https://doi.org/10.1038/s41591-018-0186-4
https://doi.org/10.1038/s41591-018-0186-4
https://doi.org/10.1126/scitranslmed.aad5752
https://doi.org/10.1056/NEJMoa1608243
https://doi.org/10.1073/pnas.0802203105
https://doi.org/10.1126/science.1093137
https://doi.org/10.1126/science.1093137
https://doi.org/10.1128/JVI.01960-08
https://doi.org/10.1128/JVI.01960-08
https://doi.org/10.7554/eLife.11282
https://doi.org/10.1006/viro.1997.8996
https://doi.org/10.1186/s12977-018-0395-4
https://doi.org/10.1371/journal.ppat.1000598
https://doi.org/10.1371/journal.ppat.1000594
https://doi.org/10.1371/journal.ppat.1002721
https://doi.org/10.1128/JVI.01328-08
https://doi.org/10.1111/imr.12509
https://doi.org/10.1089/08892220050058344
https://doi.org/10.1089/08892220050058344
https://doi.org/10.1128/JVI.00895-18
https://doi.org/10.1084/jem.20090378
https://doi.org/10.1128/JCM.43.1.406-413.2005
https://doi.org/10.1128/JCM.43.1.406-413.2005
https://doi.org/10.1155/2014/287430
https://doi.org/10.1128/JVI.69.8.5087-5094.1995
https://doi.org/10.1128/JVI.69.8.5087-5094.1995
https://doi.org/10.1093/bioinformatics/bts199
https://doi.org/10.1093/molbev/msy096
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Wilson et al. env Diversity and bNAb Sensitivity
30. Stecher G, Tamura K, Kumar S. Molecular Evolutionary Genetics Analysis
(MEGA) for macOS. Mol Biol Evol (2020) 37:1237–9. doi: 10.1093/molbev/
msz312

31. Lynch RM, Tran L, Louder MK, Schmidt SD, Cohen MCHAVI 001 Clinical
Team Members, et al. The Development of CD4 Binding Site Antibodies
During HIV-1 Infection. J Virol (2012) 86:7588–95. doi: 10.1128/JVI.00734-12

32. Wei X, Decker JM, Liu H, Zhang Z, Arani RB, Kilby JM, et al. Emergence of
Resistant Human Immunodeficiency Virus Type 1 in Patients Receiving
Fusion Inhibitor (T-20) Monotherapy. Antimicrobial Agents Chemother.
(2002) 46:1896–905. doi: 10.1128/AAC.46.6.1896-1905.2002

33. Montefiori DC. Measuring HIV Neutralization in a Luciferase Reporter Gene
Assay. Methods Mol Biol (2009) 485:395–405. doi: 10.1007/978-1-59745-170-
3_26

34. deCamp A, Hraber P, Bailer RT, Seaman MS, Ochsenbauer C, Kappes J, et al.
Global Panel of HIV-1 Env Reference Strains for Standardized Assessments of
Vaccine-Elicited Neutralizing Antibodies. J Virol (2014) 88:2489–507.
doi: 10.1128/JVI.02853-13

35. Brumme ZL, Sudderuddin H, Ziemniak C, Luzuriaga K, Jones BR, Joy JB, et al.
Genetic Complexity in the Replication-Competent Latent HIV Reservoir
Increases With Untreated Infection Duration in Infected Youth. Aids (2019)
33:211–8. doi: 10.1097/QAD.0000000000002045

36. Maldarelli F, Kearney M, Palmer S, Stephens R, Mican J, Polis MA, et al. HIV
Populations Are Large and Accumulate High Genetic Diversity in a Nonlinear
Fashion. J Virol (2013) 87:10313–23. doi: 10.1128/JVI.01225-12

37. Salantes DB, Zheng Y, Mampe F, Srivastava T, Beg S, Lai J, et al. HIV-1 Latent
Reservoir Size and Diversity Are Stable Following Brief Treatment
Interruption. J Clin Invest (2018) 128:3102–15. doi: 10.1172/JCI120194

38. Bertagnolli LN, Varriale J, Sweet S, Brockhurst J, Simonetti FR, White J, et al.
Autologous IgG Antibodies Block Outgrowth of a Substantial But Variable
Fraction of Viruses in the Latent Reservoir for HIV-1. Proc Natl Acad Sci USA
(2020) 117:32066–77. doi: 10.1073/pnas.2020617117

39. Doria-Rose NA, Klein RM, Daniels MG, O’Dell S, Nason M, Lapedes A, et al.
Breadth of Human Immunodeficiency Virus-Specific Neutralizing Activity in
Sera: Clustering Analysis and Association With Clinical Variables. J Virol
(2010) 84:1631–6. doi: 10.1128/JVI.01482-09

40. Hraber P, Seaman MS, Bailer RT, Mascola JR, Montefiori DC, Korber BT.
Prevalence of Broadly Neutralizing Antibody Responses During Chronic
HIV-1 Infection. Aids (2014) 28:163–9. doi: 10.1097/QAD.0000000000000106

41. Sagar M, Wu X, Lee S, Overbaugh J. Human Immunodeficiency Virus Type 1
V1-V2 Envelope Loop Sequences Expand and Add Glycosylation Sites Over
the Course of Infection, and These Modifications Affect Antibody
Neutralization Sensitivity. J Virol (2006) 80:9586–98. doi: 10.1128/
JVI.00141-06

42. Wei X, Decker JM, Wang S, Hui H, Kappes JC, Wu X, et al. Antibody
Neutralization and Escape by HIV-1. Nature (2003) 422:307–12. doi: 10.1038/
nature01470

43. Moody MA, Gao F, Gurley TC, Amos JD, Kumar A, Hora B, et al. Strain-
Specific V3 and CD4 Binding Site Autologous HIV-1 Neutralizing Antibodies
Select Neutralization-Resistant Viruses. Cell Host Microbe (2015) 18:354–62.
doi: 10.1016/j.chom.2015.08.006

44. Stephenson KE, Neubauer GH, Bricault CA, Shields J, Bayne M, Reimer U,
et al. Antibody Responses After Analytic Treatment Interruption in Human
Immunodeficiency Virus-1-Infected Individuals on Early Initiated
Antiretroviral Therapy. Open Forum Infect Dis (2016) 3:ofw100–9.
doi: 10.1093/ofid/ofw100

45. Keating SM, Pilcher CD, Jain V, Lebedeva M, Hampton D, Abdel-Mohsen M,
et al. HIV Antibody Level as a Marker of HIV Persistence and Low-Level Viral
Replication. J Infect Dis (2017) 216:72–81. doi: 10.1093/infdis/jix225
Frontiers in Immunology | www.frontiersin.org 11
46. Gray ES, Madiga MC, Hermanus T, Moore PL, Wibmer CK, Tumba NL, et al.
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. J Virol (2011) 85:4828–40. doi: 10.1128/JVI.00198-11

47. Piantadosi A, Panteleeff D, Blish CA, Baeten JM, Jaoko W, McClelland RS,
et al . Breadth of Neutral izing Antibody Response to Human
Immunodeficiency Virus Type 1 Is Affected by Factors Early in Infection
But Does Not Influence Disease Progression. J Virol (2009) 83:10269–74.
doi: 10.1128/JVI.01149-09

48. Rusert P, Kouyos RD, Kadelka C, Ebner H, Schanz M, Huber M, et al.
Determinants of HIV-1 Broadly Neutralizing Antibody Induction. Nat Med
(2016) 22(11):1260–7. doi: 10.1038/nm.4187

49. Sather DN, Armann J, Ching LK, Mavrantoni A, Sellhorn G, Caldwell Z, et al.
Factors Associated With the Development of Cross-Reactive Neutralizing
Antibodies During Human Immunodeficiency Virus Type 1 Infection. J Virol
(2009) 83:757–69. doi: 10.1128/JVI.02036-08

50. Cohen YZ, Lorenzi JCC, Seaman MS, Nogueira L, Schoofs T, Krassnig L, et al.
Neutralizing Activity of Broadly Neutralizing Anti-HIV-1 Antibodies Against
Clade B Clinical Isolates Produced in Peripheral Blood Mononuclear Cells.
J Virol (2017) 92(5):e01883-17. doi: 10.1128/JVI.01883-17

51. Louder MK, Sambor A, Chertova E, Hunte T, Barrett S, Ojong F, et al. HIV-1
Envelope Pseudotyped Viral Vectors and Infectious Molecular Clones
Expressing the Same Envelope Glycoprotein Have a Similar Neutralization
Phenotype, But Culture in Peripheral Blood Mononuclear Cells Is Associated
With Decreased Neutralization Sensitivity. Virology (2005) 339:226–38.
doi: 10.1016/j.virol.2005.06.003

52. Mann AM, Rusert P, Berlinger L, Kuster H, Günthard HF, Trkola A. HIV
Sensitivity to Neutralization Is Determined by Target and Virus Producer Cell
Properties. Aids (2009) 23:1659–67. doi: 10.1097/QAD.0b013e32832e9408

53. Raska M, Takahashi K, Czernekova L, Zachova K, Hall S, Moldoveanu Z, et al.
Glycosylation Patterns of HIV-1 Gp120 Depend on the Type of Expressing
Cells and Affect Antibody Recognition. J Biol Chem (2010) 285:20860–9.
doi: 10.1074/jbc.M109.085472

54. AbrahamsM-R, Joseph SB, Garrett N, Tyers L, Moeser M, Archin N, et al. The
Replication-Competent HIV-1 Latent Reservoir Is Primarily Established Near
the Time of Therapy Initiation. Sci Transl Med (2019) 43(1):406–13.
doi: 10.1126/scitranslmed.aaw5589

Author Disclaimer: The content is solely the responsibility of the authors and
does not necessarily represent the official views of the NIH.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Wilson, Shakhtour, Ward, Ren, Recarey, Stevenson, Korom,
Kovacs, Benko, Jones and Lynch. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
September 2021 | Volume 12 | Article 710327

https://doi.org/10.1093/molbev/msz312
https://doi.org/10.1093/molbev/msz312
https://doi.org/10.1128/JVI.00734-12
https://doi.org/10.1128/AAC.46.6.1896-1905.2002
https://doi.org/10.1007/978-1-59745-170-3_26
https://doi.org/10.1007/978-1-59745-170-3_26
https://doi.org/10.1128/JVI.02853-13
https://doi.org/10.1097/QAD.0000000000002045
https://doi.org/10.1128/JVI.01225-12
https://doi.org/10.1172/JCI120194
https://doi.org/10.1073/pnas.2020617117
https://doi.org/10.1128/JVI.01482-09
https://doi.org/10.1097/QAD.0000000000000106
https://doi.org/10.1128/JVI.00141-06
https://doi.org/10.1128/JVI.00141-06
https://doi.org/10.1038/nature01470
https://doi.org/10.1038/nature01470
https://doi.org/10.1016/j.chom.2015.08.006
https://doi.org/10.1093/ofid/ofw100
https://doi.org/10.1093/infdis/jix225
https://doi.org/10.1128/JVI.00198-11
https://doi.org/10.1128/JVI.01149-09
https://doi.org/10.1038/nm.4187
https://doi.org/10.1128/JVI.02036-08
https://doi.org/10.1128/JVI.01883-17
https://doi.org/10.1016/j.virol.2005.06.003
https://doi.org/10.1097/QAD.0b013e32832e9408
https://doi.org/10.1074/jbc.M109.085472
https://doi.org/10.1126/scitranslmed.aaw5589
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Characterizing the Relationship Between Neutralization Sensitivity and env Gene Diversity During ART Suppression
	Introduction
	Materials and Methods
	Study Participants
	QVOA
	Single Genome Sequencing
	Maximum Likelihood Trees
	Average Pairwise Distance
	ELISA
	Neutralization Assay
	Statistics

	Results
	Association Between Genetic Diversity and bNAb Sensitivity
	Association Between Genetic Diversity and Autologous Antibody
	Combination of Autologous and Heterologous Antibody Sensitivity

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


