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Objectives: Despite suppressive antiretroviral therapy (ART), HIV can persist in a
diverse range of CD4þ T-cell subsets. Through longitudinal env sampling from people
with HIV (PWH) on ART, we characterized the persistence and phenotypic properties of
HIV envs over two time-points (T1 and T2).

Methods: Longitudinal blood and lymphoid tissue samples were obtained from eight
PWH on suppressive ART. Single genome amplification (SGA) was performed on env to
understand the genetic diversity and degree of clonal expansions over time. A subset of
envs were used to generate pseudovirus particles to assess sensitivity to autologous
plasma IgG and broadly neutralizing antibodies (bNAbs).

Results: Identical env sequences indicating clonal expansion persisted between T1 and
T2 andwithin multiple T-cell subsets. At both time-points, CXCR4-tropic (X4) Envs were
more prevalent in naive and central memory cells; the proportion of X4 Envs did not
significantly change in each subset between T1 and T2. Autologous purified plasma IgG
showed variable neutralization of Envs, with no significant difference in neutralization
between R5 and X4 Envs. X4 Envs were more sensitive to neutralization with clinical
bNAbs, with CD4-binding site bNAbs demonstrating high breadth and potency against
Envs.

Conclusion: Our data suggest the viral reservoir in PWH on ART was predominantly
maintained over time through proliferation and potentially differentiation of infected
cells. We found the humoral immune response to Envs within the latent reservoir was
variable between PWH. Finally, we identified coreceptor usage can influence bNAb
sensitivity andmay need to be considered for future bNAb immunotherapy approaches.
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Background

A major barrier to HIV-1 cure is the establishment and
persistence of latently infected cells [1]; these cells are
predominantly maintained in virally suppressed people
with HIV-1 (PWH) through cellular proliferation [2–4]
via homeostatic [5], antigen-mediated [6,7], or integra-
tion site-induced mechanisms [8,9]. A proportion of
clonally expanded cells are transcriptionally active during
antiretroviral therapy (ART) [10], and a smaller propor-
tion can generate replication-competent virus
[2,3,6,11,12]; clonal cells can contribute to viral rebound
following ART interruption [13]. In a cross-sectional
study of eight PWH on long-term suppressive ART, we
identified identical proviral sequences within different
CD4þ T-cell subsets, suggesting differentiation of subsets
may contribute to reservoir persistence [14]. Whether
this persists over time remains unknown.

Proviral DNA is present in naive, stem cell memory,
central memory, transitional memory, effector memory,
and terminally differentiated CD4þ T cells in PWH on
ART [5,14–16]. These subsets demonstrate similar
properties in the induction of infectious proviruses
following stimulation, suggesting that each subset may
contribute to viral rebound [17]. Furthermore, these
subsets differ in activation status [18] and expression of
coreceptors for viral entry [19,20], with less differenti-
ated cells expressing higher CXCR4 levels and more
differentiated subsets expressing higher CCR5 levels
[19,20]. Coreceptor tropism may influence the estab-
lishment of the reservoir in diverse subsets [14]. We have
previously observed CXCR4-tropic (X4) envelopes (envs)
predominantly in naive and central memory cells in
PWH on suppressive ART. Whether these X4 Envs
persist in naive and central memory cells over time or
become more distributed across transitional memory
and effector memory subsets through differentiation
is unclear.

Broadly neutralizing antibodies (bNAbs) show potential
activity in clearing the reservoir and/or controlling viral
replication on ARTwhen used in combination with toll-
like receptor-7 agonists, as recently demonstrated in an
animal model [21]; bNAbs have also delayed viral
rebound in some individuals treated with ART early
after infection and may enhance HIV-specific T-cell
immunity [22,23]. Whether coreceptor usage diversity in
the reservoir affects sensitivity to bNAbs or autologous
antibodies remains unclear. Bertagnolli et al. [24] found
that a variable fraction of replication-competent pro-
viruses were susceptible to neutralization with IgG
isolated from autologous plasma samples, suggesting
reservoir diversity may present a barrier to the autologous
antibody response. Furthermore, virus sensitivity to
bNAbs has been shown to differ between R5 and X4
Envs and may pose challenges for bNAb-based therapeu-
tic strategies [25].
In this study, we investigated the mechanisms driving viral
persistence during suppressive ART by tracking the
movement of proviruses through different CD4þ T-cell
subsets by coreceptor usage. We hypothesized that the
reservoir is constantly being replenished from a naive or
central memory population, and that over time there
would be an enrichment within the effector memory
population of viruses. Additionally, we assessed the
change in autologous humoral antibody response over
time during suppressive ART and whether coreceptor
usage influences virus sensitivity to autologous plasma.
Finally, we evaluated the sensitivity of Envs from PWHon
suppressive ART to bNAbs currently being evaluated
clinically, and whether Env coreceptor usage influences
virus sensitivity to bNAbs.
Methods

Study participants
Biospecimens were obtained at two time-points (2–4
years between sampling) from eight virally suppressed
PWH (defined by viral load <40 copies/ml, CD4þ

T-cell counts >350 cells/ml for >2 years) recruited by
the University of California San Francisco [26]. Rectal
tissue and lymph node biopsies were performed on six
and three participants at time-point 1 (T1), respec-
tively. Pre-ART plasma was obtained from two
participants. Peripheral blood mononuclear cells
(PBMCs) were obtained at all time-points including
a third time-point for participant 7, 60weeks after
time-point 2 (T2).

Single genome amplification and sequence
analysis of isolated T-cell subsets
Briefly, CD4þ T-cell subsets [including terminally
differentiated cells (CD4þCD45RAþCD27�CCR7�)
for some donors (subject to cell numbers) were isolated
from PBMCs by fluorescence-activated cell sorting, as
previously described [14]. Single genome amplification
(SGA) of full-length envs and Sanger sequencing was
performed on genomic DNA (gDNA) from isolated
T-cell subsets, as previously described [14]. SGA was
performed on lymph node, rectal tissue and pre-ART
plasma in our previous study [14].

Phylogenetic analysis
Neighbour-joining trees were generated using MEGA7
[27] and edited using FigTree v1.4.3 (available at http://
tree.bio.ed.ac.uk/software/figtree/), with evolutionary
distances calculated using the maximum composite
likelihood method [28]. Maximum likelihood phyloge-
nies were generated for each participant using MEGA7
[27], using the general time-reversible nucleotide
substitution model [29] incorporating gamma-distributed
rate variation among sites and 100 bootstrap replicates
were generated for variance estimation.

http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
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Compartmentalization analysis
Panmixia testswere runusing 10 000permutations (http://
wwwabi.snv.jussieu.fr/public/mpweb) and P less than
0.001 was considered significant [30]. Simmond’s artificial
intelligence tests were conducted usingHypothesis Testing
using Phylogenies (HyPhy) with 1000 bootstrap trees and
10 random relabellings per sample [31]. Artificial intelli-
gence values of 1 indicate no difference in genetic
compartmentalization, while artificial intelligence values
closer to 0 indicate genetic compartmentalization between
sequences andwere only considered significant if bootstrap
values were greater than 0.95.

Production and titration of Env-pseudotyped
reporter viruses
Env-pseudotyped luciferase reporter viruses were pro-
duced by transfection of 293T cells with pcDNA3.1-Env
and pNL4.3e-luc plasmids and titrated in JC53 cells, as
previously described [14].

Isolation of plasma IgG
Autologous IgG antibodies were purified from plasma
samples taken from two different time-points (one
contemporaneous to the first env sampling timepoint,
the second 2–3 years later. Briefly, diluted plasma was
applied to Melon IgG Spin Purification Gel (Thermo
Scientific, Waltham, Massachusetts, USA) and IgG
purified following the manufacturer’s instructions. The
resulting eluates were buffer exchanged in PBS twice
using Amicon Ultra-15 (Millipore, Burlington, Massa-
chusetts, USA) spin filters with 100 kDa molecular
weight cut-off.

Neutralization assays
One hundred TCID50 of Env-pseudotyped luciferase
reporter virus was incubated with five-fold serial dilutions
of antibody (20mg/ml to 0.00064mg/ml) for 1 h at 37 8C
or three-fold serial dilutions of purified plasma IgG (300–
3.7mg/ml) for 90min at 37 8C. JC53 cells in 96-well plates
were inoculated with virus/antibody mixtures and
incubated overnight at 37 8C before culture media was
replaced and incubated for a further 48 h at 37 8C. Virus
infectivity was measured by luciferase activity in cell lysates
(Promega, Madison, Wisconsin, USA) as per manufac-
turer’s protocol relative to negative controls incubatedwith
culture medium alone. Neutralization activity was deter-
mined by percentage inhibition calculated as 100%�
(luciferase units with antibody/luciferase units without
antibody). Data were fitted with a nonlinear function, and
50% inhibitory concentrations (IC50) were calculated by
least squares regression analysis [32–34].

Statistical analysis
All statistical analyses were performed using GraphPad
Prism v7.0; (GraphPad Software, San Diego, California,
USA). Single comparisons between groups were assessed
by nonparametric Mann–Whitney or Wilcoxon signed
rank sum tests and multiple comparisons were assessed by
Kruskal–Wallis or Friedman test with Dunn’s post hoc
test. P values less than 0.05 are statistically significant: �P
less than 0.05; ��P less than 0.01; ���P less than 0.001;
����P less than 0.0001.
Results

Amplification and sequencing of HIV envs
To investigate the mechanisms sustaining the peripheral
blood reservoir of PWH on ART, we analysed viral
evolution over time in CD4þ T-cell subsets from eight
PWH via SGA and Sanger sequencing of env sequences
[26,35–37].Wehave previously published a cross-sectional
analysis of HIV-1 envs from these participants [14]; env
sequences generated in our previous study are referred to
herein as time-point 1 (T1). All participants maintained an
undetectable plasma viral load on ART for at least 2 years
(Supplementary Table 1, http://links.lww.com/QAD/
C711). In this study, we resampled PBMCs from
participants 2–4 years after T1 [referred to as time-point
2 (T2)]; cells were sorted into CD4þ T-cell subsets: naive,
centralmemory, transitionalmemory, effectormemoryand
terminally differentiated. CD4þ T-cell subsets were used
for DNA purification and SGAwas performed to amplify
envs; Sanger sequencing was performed on the V1–V5
region of env sequences. Additionally, a third time-point
was collected for participant 3, 60weeks after T2 and used
to generate env sequences by SGA.

No evidence for ongoing residual replication in
people with HIV on antiretroviral therapy
We generated and sequenced 1123 env sequences
(Supplementary Table 2, http://links.lww.com/QAD/
C711). A neighbour-joining tree of showed no
contamination of sequences across participants (Supple-
mentary Figure 1, http://links.lww.com/QAD/C711).
Maximum-likelihood trees were generated for each
participant and showed intermingling of sequences across
time-points and different CD4þ T-cell subsets (Fig. 1 and
Supplementary Figure 2, http://links.lww.com/QAD/
C711). Additionally, we observed no change in intra-
participant sequence diversity between T1 and T2 when
identical sequences were excluded (Fig. 2a). Further-
more, no changes were seen in the sequence diversity
between CD4þ T-cell subsets over time (Fig. 2b).
Panmixia genetic compartmentalization tests were also
performed (Supplementary Table 3, http://links.lww.
com/QAD/C711). We saw compartmentalization
between T1 and T2 in participants 5–7 (P¼ 0.0004,
0.0001 and 0.0003, respectively), and between pre-
therapy plasma vs. T1 and T2 in participant 2 (P< 0.0001
and P¼ 0.0003, respectively). However, these data were
not statistically significant when identical sequences were
excluded from each time-point. An additional compart-
mentalization test (Simmonds AI) found no evidence of
compartmentalization of sequences between T1 and T2

http://wwwabi.snv.jussieu.fr/public/mpweb
http://wwwabi.snv.jussieu.fr/public/mpweb
http://links.lww.com/QAD/C711
http://links.lww.com/QAD/C711
http://links.lww.com/QAD/C711
http://links.lww.com/QAD/C711
http://links.lww.com/QAD/C711
http://links.lww.com/QAD/C711
http://links.lww.com/QAD/C711
http://links.lww.com/QAD/C711
http://links.lww.com/QAD/C711
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Fig. 1. Phylogenetic analysis of env sequences.Maximum likelihood trees were generated for env sequences isolated from blood
[naive, central memory (CM), transitional memory (TM), effector memory (EM) and terminally differentiated (TD)], rectal tissue
(total CD4þ), lymph node (total CD4þ) and plasma collected from participants 2 (a) and 5 (b). Sequences obtained from pre-therapy
are shown as squares, time point 1 derived envs are circles and time point 2 derived envs are triangles, with the colour of each shape
referring to thecell subset.Blackarrows indicateclustersof identical sequences.Red lineswith ‘X4’ indicateCXCR4-usingenvclusters
(determined by Geno2Pheno score). Asterisks represent bootstrap values above 70 and the scale indicates the number of nucleotide
substitutions per site. These participants were selected as they provide the best representation of the conclusions drawn from these
data. Data for other participants are shown in Supplementary Figure 2, http://links.lww.com/QAD/C711.
(Supplementary Table 3, http://links.lww.com/QAD/
C711). Overall, sequence diversity analysis and genetic
compartmentalization testing showed minimal evidence
of the reservoir persisting through sustained ongoing
cycles of viral replication between time-points.

Increase in identical sequences hints at clonal
expansion maintaining the reservoir
Within all eight phylogenetic trees (Fig. 1 and Supplemen-
tary Figure 2, http://links.lww.com/QAD/C711), we
observedclustersof identical sequences, suggestiveof clonal
expansion of latently infected cells. At T2, we found that
the percentage of identical sequences was higher in more
differentiated T-cell subsets, especially in effector memory
cells when compared with naive and central memory
(P¼ 0.0029 and 0.0033, respectively; Fig. 2c). This is
consistent with our previous cross-sectional analysis of T1,
which found a higher degreeof clonal expansion in effector
memory compared with naive and central memory [14].
No significant differences were seen in identical sequences
within each subset between T1 and T2 (Fig. 2d and
Supplementary Table 4, http://links.lww.com/QAD/
C711). Furthermore, 40% of clonally expanded sequences
persisted across the time-points sampled (data not shown),

http://links.lww.com/QAD/C711
http://links.lww.com/QAD/C711
http://links.lww.com/QAD/C711
http://links.lww.com/QAD/C711
http://links.lww.com/QAD/C711
http://links.lww.com/QAD/C711
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Fig. 2. Identical sequences indicate clonal expansionmaintains the reservoir over time. (a) Identical sequences as a percentage of
total sequences were plotted for each participant stratified by CD4þ T-cell subset at time-point 2 [T2, note: corresponding data for
time-point 1 (T1) has previously been reported [14]]. Each symbol represents a participant while the lines represent the median of
identical sequences within each CD4þ T-cell subset. (b) Change in the percentage of identical sequences within each subset
[naive, central memory (CM), transitional memory (TM), and effector memory (EM)] between T1 and T2. Each participant is shown
in a different colour circle with black lines linking T1 and T2 data points for each participant. (c) Average pairwise distance of Env
sequences for each participant stratified by CD4þ T-cell subset at time-point 2 (note: this data for time-point 1 has previously been
reported [14]). Each symbol represents a participant while the lines represent the median of identical sequences within each CD4þ

T-cell subset. (d) Change in average pairwise distance of Env sequences within each subset [naive, central memory, transitional
memory and effector memory (EM)] between T1 and T2. Each participant is shown in a different colour circle with black lines
linking T1 and T2 data points for each participant. (e) Percentage of CXCR4-using Envs for each participant stratified by CD4þ

T-cell subset at time-point 2 (note: this data for time-point 1 has previously been reported [14]). Each symbol represents a
participant while the lines represent the median of CXCR4-using Envs within each CD4þ T-cell subset. (f) Change in CXCR4-using
Env sequences within each subset (naive, central memory, transitional memory, and effector memory) between T1 and T2. Each
participant is shown in a different colour circle with black lines linking T1 and T2 data points for each participant. Statistical
comparisons for (a), (c) and (e) used the Kruskal–Wallis test with Dunn’s post hoc test for multiple comparisons and for (b), (d) and
(f) were conducted using the Wilcoxon signed sum rank test. �P<0.05; ��P<0.01; ���P< 0.001, ����P<0.0001.
with one expansion detected in effector memory cells at all
three time-points from participant 7 (Supplementary
Figure 2e, http://links.lww.com/QAD/C711). Addition-
ally,weobserved45%of identical sequenceswerepresent in
more than one subset, suggestive of cellular differentiation
maintaining latently infected cells. Overall, our data
suggests that proliferation and possibly differentiation of
latently infected cells maintains the reservoir in PWH on
suppressive ART.

Envelope coreceptor usage
Next, we sought to use coreceptor usage to track the
movement of proviruses through different T-cell subsets
over time. Phylogenetic trees demonstrated compart-
mentalization of X4 envs from R5 envs (Fig. 1 and
Supplementary Figure 2, http://links.lww.com/QAD/
C711). Identical sequences were removed for the
analysis of X4 Env distribution amongst CD4þ T-cell
subsets. X4 envs were found predominantly within less
differentiated cells (naive and central memory, Fig. 2e) at
T2; however, given the low sample size per subset
(n¼ 3–5), the differences in X4 Envs between subsets
were not statistically significant. Surprisingly, X4
prevalence remained consistent across each CD4þ

T-cell subset between the two time-points sampled
(Fig. 2f).

http://links.lww.com/QAD/C711
http://links.lww.com/QAD/C711
http://links.lww.com/QAD/C711
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Autologous plasma IgG neutralization of Env-
pseudoviruses
We next sought to determine the sensitivity of reservoir
Envs to autologous neutralizing antibodies (IgG). Single-
round Env pseudoviruses were generated using Envs
sampled from four participants (P1, P2, P5 and P6) from
T1. Neutralization assays were performed with Envs from
T1 and serial dilutions of purified IgG from autologous
contemporaneous and follow-up plasma samples
obtained 3 years later (Supplementary Table 5, http://
links.lww.com/QAD/C711); follow-up plasma IgG
sampling did not coincide with T2 PBMC sampling
for Env analysis. Inhibition curves were created and
maximum percentage inhibition (MPI) and area under
the neutralization curve (AUC) were calculated [38,39].

We found neutralization of the control viruses NL4.3
(CXCR4-using) and AD8 (CCR5-using) was variable
with purified IgG from the four participants (Supple-
mentary Figure 3a, http://links.lww.com/QAD/C711).
Moreover, we did not see substantial differences in the
neutralization curves of control viruses when comparing
contemporaneous and follow-up IgG samples (Supple-
mentary Figure 3a, http://links.lww.com/QAD/C711).
Similarly, participant-derived T1 Env-pseudoviruses
demonstrated variable neutralization sensitivity to con-
temporaneous and follow-up IgG (Supplementary Figure
3, http://links.lww.com/QAD/C711). We observed that
P5 showed the poorest neutralization of contemporane-
ous Envs as well as NL4.3 and AD8 (Supplementary
Figure 3, http://links.lww.com/QAD/C711). IC50

values for 18/22 Envs were above the limit of detection
(>300mg/ml) for both contemporaneous and follow-up
IgG samples, with Envs from P2 and P6 recording
detectable IC50 against autologous IgG samples (Supple-
mentary Figure 3, http://links.lww.com/QAD/C711).

Given that most autologous IgG samples demonstrated
IC50 values above the limit of detection, we analysed
AUC andMPI (at 300mg/ml) to understand the antibody
response during suppressive ART. We found a significant
increase in the AUC for follow-up IgG samples compared
with contemporaneous IgG (P¼ 0.0391; Fig. 3a). When
these data were stratified by participant, there were
marginal decreases in AUC at follow-up compared with
contemporaneous IgG for P2 and P6 and slight increases
for P1 and P5 (Fig. 3b); none of these differences were
statistically significant.

Analysis of the MPI at 300mg/ml of purified autologous
IgG against Envs showed a small statistically significant
increase with follow-up compared with contemporane-
ous IgG (P¼ 0.0301; Fig. 3c). When stratified by
participant, we found no significant differences in MPI
between time-points within each participant, suggesting
no improvement in antibody neutralization of Envs over
time on suppressive ART (Fig. 3d). In addition, we
stratified the MPI data within each participant by Env
coreceptor usage; this analysis did not show any
significantly significant differences in the neutralization
of R5- and X4-using Envs by autologous contempora-
neous or follow-up plasma for P1, P2 and P6 when the
data were combined or stratified by participant (Fig. 3e
and f). Although our collated AUC and MPI data showed
small increases in autologous plasma neutralizing of Envs
over time, participant-specific data showed no improve-
ment in the host antibody response against Envs.

Env-pseudovirus neutralizing sensitivity to
broadly neutralizing antibodies
BNAbs represent a promising strategy for therapeutic
interventions in HIV-1 treatment and cure strategies.
However, whether coreceptor usage influences sensitivity
to clinical bNAbs and these bNAbs neutralize the whole
repertoire of Envs in the reservoir is unclear.We assessed the
abilityof five bNAbs to neutralize 27T1Env-pseudoviruses
from four participants (P1, P2, P4 and P6). T1 Envs were
derived from naive (n¼ 7), central memory (n¼ 4),
transitional memory (n¼ 8) and effector memory (n¼ 8)
cells (R5: n¼ 18, dual: n¼ 9 and X4: n¼ 1). We used two
CD4-binding site (CD4bs) antibodies 3BNC117 and
VRC01, the V3-glycan targeting antibodies 10-1074 and
PGT121, and the membrane proximal external region
(MPER) antibody 10E8. Neutralization assays were
performed using the tri-specific antibody N6/
PGDM1400x10E8against a subsetof theviruspanel (n¼ 8).

All viruses tested were sensitive to 3BNC117, VRC01 and
N6/PGDM1400x10E8 with median IC50 values of 0.05,
0.19 and 0.07mg/ml, respectively (Fig. 4a and Supple-
mentary Figure 4, http://links.lww.com/QAD/C711).
InvestigationofV3-targetingbNAbs revealed7of 27 (26%)
and 10 of 27 (37%) pseudoviruseswere resistant to 10-1074
and PGT121 respectively, with median IC50 values for
sensitive viruses of 0.077 and 0.079mg/ml (Fig. 4a and
Supplementary Figure 4b and c, http://links.lww.com/
QAD/C711). Furthermore, 1 of 27 (3%) pseudoviruses
was resistant to 10E8, and the median IC50 for viruses
sensitive to 10E8was 0.05mg/ml (Fig. 4a and Supplemen-
tary Figure 4d, http://links.lww.com/QAD/C711). After
stratifying neutralizing sensitivity by coreceptor usage,
dual-tropic Envs were more sensitive to neutralization by
VRC01 and 10E8 compared with R5 Envs (P¼ 0.03 and
P¼ 0.006 respectively, Fig. 4b). Furthermore, dual-tropic
Envs were more likely to be resistant to PGT121 and less
likely to be resistant to 10-1074 than R5 Envs (Fig. 4b).
Interestingly, dual-tropic viruses that were sensitive to
PGT121 demonstrated lower IC50 values compared with
sensitive R5 Envs (P¼ 0.04, Fig. 4b).

We observed no differences in IC50 values for the bNAbs
tested when Envs were stratified by subset of origin
(Fig. 4c). Neutralizing sensitivity appeared to be partici-
pant-specific for 10-1074 and PGT121 (Fig. 4d), with
Envs from participant 6 demonstrating a high rate of
resistance to 10-1074 (6/8) and PGT121 (5/8). Moreover,

http://links.lww.com/QAD/C711
http://links.lww.com/QAD/C711
http://links.lww.com/QAD/C711
http://links.lww.com/QAD/C711
http://links.lww.com/QAD/C711
http://links.lww.com/QAD/C711
http://links.lww.com/QAD/C711
http://links.lww.com/QAD/C711
http://links.lww.com/QAD/C711
http://links.lww.com/QAD/C711
http://links.lww.com/QAD/C711


Persistence of HIV Envs during suppressive ART Gartner et al. 253

Fig. 3. Neutralization of T1 Envs by autologous IgG samples. (a) Neutralization sensitivity of T1 Env-pseudoviruses against
autologous contemporaneous (‘Contemp’) and follow-up (‘Follow’) plasma IgG represented as the area under the inhibition curve
(AUC). (b) Neutralization sensitivity data represented as AUC stratified by participant (P1, P2, P5 and P6). (c) Neutralization
sensitivity of T1 Env-pseudoviruses against autologous contemporaneous and follow-up plasma IgG represented as the maximal
percentage inhibition (MPI) at an IgG concentration of 300mg/ml. (d) MPI data stratified by participant (P1, P2, P5 and P6). (e) MPI
of T1 Envs to contemporaneous and follow-up IgG stratified by CCR5-using (R5) and dual-tropic (dual) Envs. (f) Neutralizing
sensitivity of T1 Envs grouped by coreceptor usage stratified by participant (P1, P2 and P6). Each dot represents one T1 Env against
purified IgG averaged over two independent experiments. Lines link T1 Env data for contemporaneous and follow-up IgG.
Statistical comparisons for (a)–(d) used the Wilcoxon signed sum rank test and (e)–(f) used the Mann–Whitney U test. �P< 0.05;
��P<0.01; ���P<0.001, ����P<0.0001.
N6/PGDM1400x10E8 effectively neutralized viruses that
were resistant to 10-1074 and PGT121 (Fig. 4e and
Supplementary Figure 4g, http://links.lww.com/QAD/
C711). Overall, our neutralization assays suggest that dual-
tropicEnvs demonstrated an increased sensitivity to bNAbs
targeting diverse epitopes.
Discussion

In this study, we utilized env genotypic and phenotypic
properties to gain insights into the maintenance of the
reservoir in different CD4þ T-cell subsets in PWH on
suppressive ART. Phylogenetic analysis of env sequences
from two time-points of ART-suppressed PWH did not
reflect viral evolution suggestive of ongoing replication,
consistent with previous studies [30,40,41]. Instead,
proliferation and differentiation of latently infected cells
was more likely the main driver of reservoir persistence in
the participants studied. X4 envs persisted in naive and
central memory subsets but did not increase in more
differentiated subsets over time. Pseudoviruses generated
with T1 Envs demonstrated variable sensitives to
contemporaneous serum IgG antibodies. Moreover, no

http://links.lww.com/QAD/C711
http://links.lww.com/QAD/C711
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Fig. 4. Neutralization profiles with different clinical broadly neutralizing antibodies are similar between viruses with different
coreceptor usage and subset of origin. Scatter plots representing the IC50 of (a) all pseudoviruses and (b) stratified by virus
coreceptor usage (CCR5-tropic: R5 and dual-tropic: dual). Each virus is represented by an individual dot, the dotted line at y¼20
represents the limit of detection, dotted lines represent the median IC50 titre of all viruses in that group and solid lines represent the
median IC50 titre of sensitive viruses. (c) Neutralizing sensitivity of Env-pseudoviruses represented as IC50 to bNAbs stratified by
CD4þ T-cell subset (naive, central memory, transitional memory and effector memory). Each virus is presented by an individual
dot, black lines represent the median within each group and the dotted line at y¼20 represents the upper limit of detection. (d)
Neutralizing sensitivity of Env-pseudoviruses represented as IC50 to bNAbs stratified by participant (P1, P2, P4 and P6). Each virus
is presented by an individual dot, black lines represent the median within each group and the dotted line at y¼ 20 represents the
upper limit of detection. (e) IC50 of Env-pseudoviruses that were tested against N6/PGDM1400x10E8 against 3BNC117, 10-1074,
PGT121, 10E8 and VRC01. Each virus is presented by an individual dot, black lines represent the median within each group and
the dotted line at y¼ 20 represents the upper limit of detection. Statistical comparisons were performed using the Mann–Whitney
test. �P<0.05; ��P<0.01; ���P<0.001, ����P<0.0001.
participants demonstrated a significant improvement in
IgG potency with follow-up IgG antibodies. Assessment
of neutralizing sensitivity of Envs to a panel of clinical
bNAbs showed dual-tropic viruses were often more
sensitive to neutralization than R5 Envs.

Identical sequences increased over time in six of eight
participants investigated, consistent with previous studies
showing an increase in clonality over time in PWH on
suppressive ART [42,43]. Furthermore, effector memory
cells contained more identical sequences and expansions
were typically larger than other subsets. Additionally, we
observed that 45% of identical sequences were shared
across multiple T-cell subsets. These data support our
previous study and suggest that clones can undergo
differentiation, probably through an antigen-driven
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mechanism [6,14]. Previous studies have found that T
cells can proliferate in response to phytohemagglutinin,
anti-CD3/CD28, or IL-7 without producing infectious
virus [6,11]. Furthermore, Wang et al. [6] reported that
predominant viral clonal populations waxed and waned
over time during suppressive ART, suggesting that the
expansion and contraction of clones was controlled by
cognate antigen.Whether the differentiation of cells in an
antigen-driven manner can lead to the generation of new
clones without virus production remains unknown.
Furthermore, the ability of clones to differentiate, survive
the ‘contraction’ phase of an immune response and
remain latent over long periods of time warrants
further investigation.

Our hypothesis was that proviruses found within naive
and central memory cells would replenish the reservoir
in effector memory cells over time through cellular
differentiation. The emergence of X4 envs in five of the
eight participants in this study provided a unique
opportunity to track this phenomenon. Contrary to our
hypothesis, the percentage of envs predicted to be X4 did
not significantly change in each T-cell subset over time.
This observation may be influenced by the reduced
sampling depth of participants at T2 compared with T1.
Given the low contribution of naive cells to the total
reservoir [5], this phenomenon may take a longer period
of time than our sampling allowed for. To our
knowledge, this is the first study to longitudinally
track the movement of proviruses through different
CD4þ T-cell subsets by coreceptor usage in PWH on
suppressive ART.

Untreated HIV infection is characterized by an evolu-
tionary arms-race between the humoral immune response
and the rapid evolutionary escape of Envs from antibody
responses [44–46]. Studies in untreated PWH have
demonstrated that serum-derived antibodies effectively
neutralize previous circulating Envs but poorly neutralize
contemporaneous Envs [44–46]. We aimed to under-
stand the landscape of immunological pressure on the
latent reservoir during suppressive ART. Our analysis of
Env sensitivity to autologous contemporary purified
plasma IgG samples showed that antibody responses vary
widely in their potency to neutralize autologous Envs.
These findings are consistent with findings from
Bertagnolli et al. [24] and Wilson et al. [47] both of
which studied the sensitivity of replication-competent
Envs to autologous plasma IgG.We reasoned that the lack
of viral replication and opportunity for antigenic change
during suppressive ARTwould lead to minimal change in
antibody responses to Envs within the reservoir. Indeed,
our neutralization assays did not show an improvement in
antibody responses to autologous T1 Envs over time.

Neutralization assays showed that 3BNC117, VRC01,
10E8 and N6/PGDM1400x10E8 demonstrated notable
breadth against our panel of 27 Env-pseudoviruses, with
dual-tropic strains demonstrating increased neutralizing
sensitivity, consistent with previous findings [25,48]. In
contrast, Registre et al. [25] found that Envs that
exclusively use CXCR4 were less sensitive to PGT121
and 10-1074 than R5 Envs. These studies together with
our data suggest that dual-tropic viruses may be more
susceptible to neutralization through the exposure of key
neutralization epitopes during the evolutionary switch
from R5-to-X4 usage, and that evolution of Envs that
exclusively use CXCR4 may re-mask these key epitopes.
Our neutralization assay data was consistent with a recent
study that assessed a panel of 14 bNAbs against viruses
outgrown from PBMCs of PWH on suppressive ART,
which showed 3BNC117 demonstrated the highest
breadth and potency [49].

Our study contains some limitations including that our
sampling depth at T2 was limited (<4 envs per subset) for
several participants, and we were unable to quantify cell-
associated HIV DNA or RNA in each subset, which may
limit our interpretation of the sequencing data. Addi-
tionally, our sub-genomic sequencing of the V1–V5 of
env does not discriminate between intact and defective
proviruses [50,51]. Although given the propensity of env
defects in defective proviruses, our sequencing approach
likely enriches for intact proviruses [14]. Another
limitation of this work is that our neutralization assay
using JC53 cells may overestimate neutralizing sensitivity
compared to infectious molecular clones produced in
293T or PBMCs and viruses outgrown from PBMCs
[52,53].

In conclusion, overall, this study suggests that cellular
proliferation and differentiation drive the persistence of
latently infected cells within CD4þ T cells of PWH on
suppressive ART. Despite this finding, X4 envs did not
increase in more differentiated subsets at T2 as hypothe-
sized. We found the humoral response during long-term
suppressive ART varies widely in ability to neutralize
contemporaneous Envs and was not influenced by Env
coreceptor usage. Finally, we showed differential sensi-
tivities of R5 and X4-using Envs to clinically relevant
bNAbs, which may be an important consideration for
future bNAb-based therapies.
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