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Introduction

In the absence of antiretroviral treatment (ART), HIV maintains
sustained viremia in most individuals, resulting in progression to
AIDS. Several lines of evidence have established a role for CD8*
T cells in partially controlling viral replication and delaying this
progression (1-5). Although a number of mechanisms contribute
to this (6, 7), a key mode of action is the direct recognition and
elimination of infected cells by CD8* cytotoxic T cells (CTLs) (8,
9). Despite this antiviral activity, CTLs are not able to clear all
HIV-infected cells from an individual, even when viral replication
is abrogated by ART. This is generally attributed to viral latency,
which leaves reservoirs of infected cells that invariably reestablish
systemic viremia if ART is ever interrupted (10-12).

The “kick-and-kill” (or “shock-and-kill”) paradigm proposes
to combine latency-reversing agents (LRA) to induce HIV antigen
expression with immune effectors, such as CTLs, to eliminate
infected cells from the reservoir (13, 14). Although kick-and-kill
approaches have proven effective in vitro against primary cell
models of latency, they have thus far failed to drive measurable
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Curing HIV infection will require the elimination of a reservoir of infected CD4* T cells that persists despite HIV-specific
cytotoxic T cell (CTL) responses. Although viral latency is a critical factor in this persistence, recent evidence also suggests
arole for intrinsic resistance of reservoir-harboring cells to CTL killing. This resistance may have contributed to negative
outcomes of clinical trials, where pharmacologic latency reversal has thus far failed to drive reductions in HIV reservoirs.
Through transcriptional profiling, we herein identified overexpression of the prosurvival factor B cell ymphoma 2 (BCL-2)

as a distinguishing feature of CD4* T cells that survived CTL killing. We show that the inducible HIV reservoir was
disproportionately present in BCL-2" subsets in ex vivo CD4* T cells. Treatment with the BCL-2 antagonist ABT-199 was not
sufficient to drive reductions in ex vivo viral reservoirs when tested either alone or with a latency-reversing agent (LRA).
However, the triple combination of strong LRAs, HIV-specific T cells, and a BCL-2 antagonist uniquely enabled the depletion of
ex vivo viral reservoirs. Our results provide rationale for novel therapeutic approaches targeting HIV cure and, more generally,
suggest consideration of BCL-2 antagonism as a means of enhancing CTL immunotherapy in other settings, such as cancer.

reductions in frequencies of infected cells in clinical trials (15-20).
In an effort to bridge these contrasting results, we have focused on
evaluating kick-and-kill approaches against CD4* T cells derived
directly ex vivo from ART-suppressed individuals. We previously
reported that we were unable to drive reductions in viral reservoirs
from these samples, as measured by quantitative viral outgrowth
assays (QVOAs), despite the use of potent LRAs and functional
CTLs targeting nonescaped viral epitopes (21). In those exper-
iments, we recovered virus from QVOA wells, superinfected
autologous CD4* T cells, and demonstrated that the same CTLs
that had been unable to eliminate the latent reservoir efficiently
eliminated cells newly infected with these reservoir viruses. These
results argued against viral escape or CTL dysfunction as mech-
anisms by which these reservoirs were not eliminated ex vivo
and led us to propose that reservoir-harboring cells from ART-
suppressed individuals are resistant to elimination by CTLs (22).
Of note, a separate study has recently shown that virus derived
from clonally expanded HIV-infected cells from antiretroviral-
treated (ARV-treated) individuals often remains sensitive to autol-
ogous CTL, further arguing against epitope escape as a dominant
mechanism underlying the persistence of these cells (23).

Natural heterogeneity is known to exist in the intrinsic suscepti-
bility of CD4" T cells to killing by CTL, supporting the plausibility of
a reservoir that has been selected to be CTL resistant. For example,
central memory CD4* T cells (TCM cells) are more resistant than tran-
sitional T cell and effector memory T cell (TEM) subsets, and activated
CD4* T cells are more susceptible than their resting counterparts
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(24). One study has also reported that CD4* T cells from HIV* indi-
viduals who exhibit natural control of viral replication are intrinsically
more sensitive to killing than those from individuals with progressive
disease, suggesting a role for the susceptibility of these cells to CTL
killing in disease outcome (25). The mechanism for these differential
susceptibilities of CD4* T cell subsets to CTL-mediated elimination is
unclear, though multiple mechanisms of resistance have been identi-
fied in other cell types (26-29).

To address the challenge of CTL resistance, we performed
RNA-Seq transcriptional profiling of peptide-pulsed primary
CD4" T cells that preferentially survived coculture with corre-
sponding HIV-specific CTL. We identified a number of genes and
pathways that were differentially regulated in survivors, includ-
ing overexpression of the prosurvival factor B cell lymphoma
2 (BCL-2), which we selected for further study. CTL-mediated
elimination of target cells occurs when the TCR binds its cognate
peptide/MHC-I complex, triggering the release of perforin/gran-
zymes, or through Fas/FasL interactions (30). BCL-2 is a master
regulator of apoptosis that can inhibit both the perforin/gran-
zyme B and FasL/Fas pathways by sequestering Bid, thus prevent-
ing mitochondrial membrane permeabilization by truncated Bid
(30-34). We show that cells harboring the inducible HIV reservoir
express high levels of BCL-2 following ex vivo reactivation. In the
oncology setting, the prosurvival BCL-2 family proteins have been
identified as key factors in the resistance of many tumor cells to
death (35-38). BCL-2 antagonists, such as ABT-199 (venetoclax),
have been developed as cancer therapies that aim to directly pro-
mote the apoptosis of tumor cells, which often overexpress BCL-2
(35-40). By adding ABT-199 to our kick-and-kill cocultures, we
were able to achieve the reductions in ex vivo HIV reservoirs that
we have been unable to achieve with CTL and LRAs alone. This
has direct implications for efforts to eliminate persistent HIV
reservoirs and may contribute to our understanding of potential
CTL-dependent mechanisms of action of BCL-2 antagonists in
other settings, such as cancer.

Results

Transcriptional profiling of target CD4* T cells that survive CTL
coculture reveals candidate mechanisms of resistance. To identify
candidate mechanisms that may confer CTL resistance to HIV
reservoir-harboring cells, we first studied differential intrinsic
sensitivities to CTL Kkilling in primary CD4" T cells. Given that
different maturational phenotypes of CD4" T cells are associated
with differential susceptibilities to CTL (24), we sought to mini-
mize this variable by synchronizing target cells in a TCM cell phe-
notype, as these cells preferentially harbor the latent reservoir
(41). This was achieved following the protocol used to generate
cells for the cultured TCM model of HIV latency (see Supplemen-
tal Methods; supplemental material available online with this arti-
cle; https://doi.org/10.1172/]JCI132374DS1) (42, 43). TCM cells
were divided into either a “real” condition, in which half of the
cells were labeled with CFSE and pulsed with the HIV-Env peptide
RLRDLLLIVTR (RR11), while the other half received no peptide
and were labeled with cell-track far-red (CTFR), or a “mock” con-
dition, in which cells were similarly labeled but received no pep-
tide. Both conditions were then cocultured with the corresponding
CTL clone (Figure 1A).
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This design allowed the isolation of transcriptional profiles
associated with preferential survival from profiles that resulted
from exposure to an environment containing activated CTL,
i.e., (a) the “mock bystanders” and “mock survivors” should not
differ from each other, (b) the difference between either mock
bystanders or mock survivors and “real bystanders” should reflect
exposure of the latter to peptide-stimulated CTL (e.g., cytokine
signaling), (c) the difference between real bystanders and “real
survivors” should reflect selection for factors that confer CTL
resistance, and (d) the difference between real survivors and
either of the mock conditions should reflect a combination of b
and c (Figure 1A). Following an overnight coculture, CD4" T cells
under both conditions were sorted into bystander (CTFR) and sur-
vivor (CFSE) populations by flow cytometry and subjected to tran-
scriptional profiling by RNA-Seq.

Principal component analysis (PCA) of the resulting RNA-Seq
data revealed a pattern that was consistent with the above expec-
tations, with the mock bystanders and mock survivors clustering
together, while the real survivors and real bystanders formed dis-
tinct clusters (Figure 1B). As expected, the differences between
the real bystanders and the mock bystander conditions were pre-
dominately attributable to the former having been cocultured with
peptide-stimulated CTL, e.g., cytokine signaling, IFN signaling,
and T cell activation (Supplemental Figure 1). Of greater impor-
tance to the current study, the comparison between the real survi-
vors and real bystanders identified 1061 differentially expressed
genes (DEGs) (FDR < 0.05: 743 upregulated and 318 downregulat-
ed). Ingenuity Pathway Analysis (IPA) was performed, and the sig-
nificantly enriched pathways are shown in Figure 1C (Benjamini-
Hochberg multiple testing correction, P < 0.05). A number of
individual genes appeared multiple times in these pathways, as
indicated in Figure 1D. To further identify key genes and estab-
lish connections between these, we generated gene network dia-
grams based on the Ingenuity Pathway Knowledge Base. Among
these networks, we highlight one that contains components of the
following canonical pathways relevant to our hypothesis: CTL-
mediated apoptosis of target cells, death receptor signaling, IFN
signaling, and mitochondrial dysfunction (Figure 1E). This “net-
work 6” and all other networks are listed in Supplemental Table 1,
along with scores. Following from this result, we assessed the
expression levels of the genes implicated in the CTL-mediated
apoptosis of target cells pathway (caspase-2 and BCL-2), as well
as poly (ADP-ribose) polymerase (PARP), a mediator of apoptosis
that is downstream of caspase activation. We observed expres-
sion profiles that were consistent with specific selection of over-
expression of BCL-2 and underexpression of caspase-2 and PARP
in the real survivor cells that resisted elimination by CTL (Figure
1F). These results confirm that heterogeneity exists in the intrinsic
sensitivity of CD4* T cells to elimination by CTL and is associated
with a transcriptional signature implicating multiple gene path-
ways. We prioritized BCL-2 for validation and further study based
on its central position within the network shown in Figure 1E, its
central role in cell survival, and its potential to directly antagonize
killing by CTL (30-34).

HIV-specific CTLs preferentially kill BCL-2" primary CD4* T
cells, thus selecting for BCL-2" survivors in vitro. We next deter-
mined whether the overexpression of BCL-2 transcripts observed
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Figure 1. Transcriptional profiling of target CD4* T cells that survive CTL
coculture reveals candidate mechanisms of resistance. (A) Schematic

of peptide-pulse killing assay and flow sorting for transcriptional profil-

ing. (B) PCA showing clustering of cell populations, as indicated. (C) IPA
results showing the pathways that were significantly enriched between

real bystanders and real survivors. Orange bars, positive Z scores; blue bars,
negative Z scores; gray bars, no activity pattern. (D) Top 6 genes by numbers
of instances in significant pathways from C. (E) IPA network analysis (sub-
cellular display) showing a significantly enriched network. Interactions with
significant pathways from C and with CTL-mediated apoptosis of target cells
are also shown. Red shading indicates overexpression in real survivors, and
green indicates underexpression, both in comparison with real bystanders.
(F) BCL-2 as well as upstream (CASP2) and downstream (PARP) gene
expression levels in all 4 conditions. Shown are fragments per kilobase of
exon model per million mapped reads (FPKM) from RNA-Seq. FDR-adjusted
P values from DESeq analysis are shown.

in RNA-Seq data was reflected at the protein level, with the
hypothesis that BCL-2%CD4" T cells would preferentially survive
CTL-mediated killing. We tested this by coculturing HIV-specific
CTLs with autologous CD4" T cells that had been pulsed with var-
ious concentrations of its cognate peptide and measuring BCL-2
expression levels in surviving CD4* T cells (Figure 2, A and B). We
observed significant losses in viable CD4* T cells with increas-
ing peptide concentrations (10 ug/mL peptide vs. no treatment,
3.2-fold decrease, P < 0.0001; 2.1-fold decrease vs. 0.01 ug/mL
peptide, P < 0.0001; Figure 2C) and a corresponding increase in
BCL-2 expression in the remaining CD4* T cells (10 pg/mL vs. no
treatment, P = 0.008; vs. 1 pg/mL, P = 0.03; Figure 2, C and D).
This effect was confirmed by assessing the impact of CTL kill-
ing on total numbers of target cells as divided into BCL-2" and
BCL-2" populations (Figure 2E). We observed a progressive
decrease in the numbers of BCL-2" cells with increasing peptide
concentrations (mean count 83,000 at 0.01 ug/mL peptide vs.
45,000 at 10 pg/mL peptide, P = 0.009; Figure 2E), alongside a
lack of significant change in the numbers of BCL-2" cells, even
at 10 pg/mL of RR11 peptide (Figure 2E). Thus, these data sup-
port that the natural heterogeneity of BCL-2 expression within ex
vivo CD4" T cells is sufficient to influence susceptibility to CTL
killing, with BCL-2" cells exhibiting preferential survival. This
association could either reflect differences across maturational
phenotypes — where, for example, naive CD4" T cells may both
express lower levels of BCL-2 and be more susceptible to CTL kill-
ing — or may also reflect heterogeneity of these parameters within
a given phenotype. To distinguish between these, we performed a
killing assay similar to that shown in Figure 2E, with the addition
of phenotypic marker staining to discriminate naive (CD45RA*C-
CR7*), TCM (CD45RA CCR7*), and TEM (CD45RA CCR7’) pop-
ulations. Parallel experiments were performed where cells were
either activated with anti-CD3/anti-CD28 before peptide pulsing
and coculture or were peptide pulsed without prior activation. We
observed the preferential survival of BCL-2" cells within each of
these populations, whether or not cells had been activated (Fig-
ure 2F). The most pronounced skewing in BCL-2 expression was
observed within the TEM cells (Figure 2F), which corresponded
with a greater degree of killing of this population (percentage
killed at 5 ug/mL peptide by phenotype: TCM cells, 21.7%; TEM
cells, 63.9%; naive cells, 36.8%). Thus, even within a given matu-
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rational population, the relative expression of BCL-2 is associated
with susceptibility to elimination by CTL.

The reactivatable HIV reservoir is preferentially harbored in
BCL-2" cells in individuals on long-term ART. Given the above
observations that BCL-2" cells preferentially resist killing by CTL,
we next probed a potential role for this mechanism in the per-
sistence of the HIV reservoir. We first assessed BCL-2 expression
levelsin ex vivo CD4* T cells from ART-suppressed donors, follow-
ing latency reversal with PMA /ionomycin (PMA/I) (Figure 3A).
This was accomplished using a recently developed flow cytometry
technique that allows for the identification and phenotypic char-
acterization of this extremely rare population (44). We established
a gating strategy using cells from an ART-naive, chronically HIV*
individual (OM5374) and an HIV- donor (OM6960) (Figure 3A).
As expected, we observed a lack of Gag* cells in the HIV- sample,
contrasted by a detectable population in the HIV* sample, which
was enhanced by PMA/I stimulation.

We extended this assay to measure differences of BCL-2 expres-
sion levels between HIV-infected and uninfected cells among ex
vivo CD4* T cells from 6 additional durably ART-suppressed study
participants (Table 1). We observed extremely rare HIV-infected
populations from each participant following PMA/I stimulation,
while no Gag' events were observed in unstimulated cells (Fig-
ure 3B). For each individual, HIV-Gag' populations were found to
express higher levels of BCL-2 (MFI 2874, range: 1460-5820) than
corresponding Gag populations (MFI 1215, range: 1100-1320) (P
= 0.01, Figure 3, C and D). In contrast to these ART-suppressed
individuals, we observed similar BCL-2 expression levels between
the Gag' (MFI mean: 1001, range: 965-1450) and Gag' cell popula-
tions (MFI mean: 1007, range: 1093-1350) from 4 ART-naive par-
ticipants (Table 2) following PMA/I stimulation (Figure 3, E and F).
Although we acknowledge inherent limitations of analyzing such
very rare events, we draw confidence in our conclusion from the
observation that this difference was statistically robust across a
cohort of 6 individuals (P = 0.016; Figure 3D). Thus, we observed
that, following reactivation, the HIV reservoir in ART-suppressed
individuals capable of producing Gag is preferentially present in
BCL-2" cells. This suggests that the levels of BCL-2 overexpres-
sion from ARV-treated individuals are not simply the result of HIV
expression, but rather may be a feature that is enriched in cells
making up long-lived HIV reservoirs.

As an additional method for assessing the BCL-2 expres-
sion profile of reservoir-harboring cells, we sorted ex vivo CD4*
T cells from long-term ART-suppressed individuals into BCL-2h
and BCL-2" populations by flow cytometry and quantified HIV
DNA in each population. HIV DNA was measured using a recent-
ly developed droplet digital PCR (ddPCR) method that allows
for the discrimination of relatively intact proviruses that contain
binding sites for both gag and env primer/probe pairs (45). We
observed significantly higher frequencies of HIV proviruses in
BCL-2MCD4" T cells compared with a BCL-2"° population (P = 0.02
for intact and total gag) (Figure 4A). We next determined whether
this enrichment of infected cells in the BCL-2" subset was reflec-
tive of differences across maturational populations or whether
BCL-2" cells would be enriched for infected cells even within a
given memory population. We included the maturational markers
CCRY7 and CD45RA in our flow cytometry panel and sorted cells
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Figure 2. CD8' CTL preferentially eliminate CD4* T cells with low BCL-2 expression levels. (A) Schematic of peptide-pulse and killing assay. (B) Represen-
tative gating strategy of flow cytometry plots to identify surviving CD4* T cells and CD4/CD8 ratios in either no-treatment or + peptide + CTL conditions.
(C) Graph of total BCL-2 MFI (left axis, black line) and CD4* T cell viability normalized to the no-treatment condition (right axis, brown line), following a
peptide-pulse killing assay. Total BCL-2 MFI was calculated based on viable CD4* T cells. The dashed line indicates the BCL-2 MFI of an untreated control.
(D) Flow cytometry plots depicting BCL-2 gating strategy for BCL-2" and BCL-2" populations. (E) Graph depicting CD4* T cell counts in BCL-2" (right axis,
blue) and BCL-2" (left axis, black) populations after CTL killing with different concentration peptide-pulsing treatments. Samples were run in triplicate,
and shown are median + range. (F) The data shown are analogous to those in C, but with 2 additions: (a) killing assays were performed in parallel on CD4*
cells that had either been activated with anti-CD3/anti-CD28 or were used directly ex vivo (nonactivated); and (b) the markers CD45RA and CCR7 were
included in the flow panel to discriminate naive cells (CD45RA*CCR7*), TCM cells (CD45RACCR7*), and TEM cells (CD45RA-CCR7-). Statistical significance

was determined by t test. **P < 0.01; ****P < 0.00

from 2 donors into BCL-2" and BCL-2" subsets for each of naive
(CD45RA*CCR7), TCM (CD45RA"CCR7*), and TEM (CD45RA"
CCR?) populations (Figure 4B). For both individuals, we observed
pronounced enrichments of intact HIV DNA in the BCL-2" versus
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BCL-2" populations. These patterns were also reflected at the level
of total HIV DNA in each memory subset (Figure 4C). These data
provide an additional line of evidence supporting the idea that the
HIV reservoir is preferentially harbored in BCL-2" cells in individ-
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uals on long-term ART and indicate that this is not merely reflec-
tive of differences across maturational phenotypes.

BCL-2 antagonist ABT-199 fails to reduce either total HIV DNA
or infectious reservoirs from ex vivo CD4* T cells from ARV-treated
donors, but can drive reductions in a primary cell latency model. A
previous study reported that the combination of ABT-199 with
anti-CD3/anti-CD28 antibodies was sufficient to drive reduc-
tions in the frequencies of HIV-infected cells taken ex vivo from
ART-suppressed participants (46). However, this was not asso-
ciated with reductions in the amounts of HIV RNA released into
culture supernatants, and the effect on the inducible infectious
reservoir as measured by QVOA was not tested. As a prelude to
assessing the abilities of ABT-199 to sensitize HIV reservoir-
harboring cells to elimination by CTL, we therefore determined
whether this agent had activity against latently HIV-infected cells
when used either alone or in combination with an LRA.

In our experiments, the effects of BCL-2 antagonist ABT-199
were assessed using an HIV eradication (HIVE) assay (Figure 5A),
where changes in infected cells are measured by both ddPCR to
measure total frequencies of infected cells (total HIV DNA) and
QVOA to measure replication-competent reservoirs (infectious
units). This distinction is important as, in ex vivo CD4" T cells from
ARV-treated individuals, the large majority of HIV DNA represents
defective proviruses with no potential for viral replication (47). In
our HIVE assays, we focused on the protein kinase C agonist bryo-
statin-1 as the LRA, as we had observed that it mitigated the appre-
ciable levels of nonspecific CD4" T cell toxicity induced by ABT-
199 (Supplemental Figure 2). Potent activation of CD4" T cells by
bryostatin-1 was confirmed by CD69 staining (Supplemental Fig-
ure 3). We were careful to account for cell death in our QVOAs by
counting only viable CD4" T cells by flow cytometry following a
24-hour drug washout period to calculate infectious units per mil-
lion (IUPM) CD4" T cells. We further confirmed that prior treat-
ment with ABT-199 did not continue to negatively affect viability
after the 24-hour washout, which may have otherwise introduced
inaccuracy into our QVOA measurements (Supplemental Figure
4). DNAse I was also included in the HIVE coculture medium
to degrade the genomes of killed target cells such that these would
not be measured by ddPCR.

We first tested to determine whether ABT-199 would drive
reductionswhen targeting “natural” HIV reservoirsin exvivo CD4*
T cells from ART-suppressed donors. A representative example of
a HIVE assay is shown in Figure 5B. We did not observe reductions
in either HIV DNA or IUPM following treatment with ABT-199 (1
uM or 100 nM), either alone or in combination with bryostatin-1
(Figure 5B). In this initial experiment, the overall loss in viability
meant that we had insufficient cells to assess conditions treated
solely with ABT-199 (1 uM) by QVOA. The only significant differ-
ences that we observed were increases in IUPM following treat-
ment with bryostatin-1 alone (P < 0.001, Figure 5B). We extended
this HIVE assay to a total of 8 ARV-treated donors and consistently
observed a lack of significant differences in either HIV DNA or
IUPM between untreated conditions and ABT-199 (both 1 uM and
100 nM), tested either alone or in combination with bryostatin-1
(Figure 5, C and D). In contrast, the increases in IUPM observed
with bryostatin-1 treatment were found to be consistent across this
population (P < 0.01 at 1 pM and P = 0.03 at 100 nM; Figure 5,
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C and D). Thus, the BCL-2 antagonist ABT-199 was not sufficient
to drive reductions in ex vivo viral reservoirs — including when
combined with the potent LRA bryostatin-1. Although peripheral
to the main hypothesis of the current study, we were curious to see
whether this combination would be sufficient to drive the elimina-
tion of infected cells in a well-characterized primary cell model of
HIV latency (48, 49). This model typically harbors approximately
1% latently infected cells that can be reactivated to produce HIV
by anti-CD3/anti-CD28. This frequency is much too high to be
measured by a typical QVOA, which is designed to detect infected
cell frequencies of approximately 0.00001% to 0.001%. Thus, to
enable direct comparison with our results from “natural” HIV res-
ervoirs, we generated target populations with reduced infected-
cell frequencies by spiking latency model cells into autologous
CD4" T cells at ratios of 1 model cell:100-1,000 ex vivo CD4* T
cells (Supplemental Figure 5A). In contrast to natural HIV reser-
voirs, we observed that ABT-199 (1 uM and 100 nM), alone or in
combination with bryostatin-1, drove reductions in latency model
cells as measured either by ddPCR or QVOA (Supplemental Fig-
ure 5). Most strikingly, we observed a 130-fold reduction in IUPM
in the bryostatin-1 + 1 uM ABT-199 condition (P < 0.0001) and a
21-fold reduction in IUPM in the bryostatin-1 + 100 nM ABT-199
condition (P < 0.0001, Supplemental Figure 5B). Our results are
consistent with a previous study that also reported infected-cell
reductions in a latency model following treatment with ABT-199
and anti-CD3/anti-CD28 (as an LRA) (46). These spiked latency
model HIVEs also offer validation for our treatment conditions
and confirm our ability to measure changes in the reservoir in
HIVE assays. Thus, our results firmly establish that, while effec-
tive against a latency model, ABT-199 in combination with the
LRA bryostatin-1 was insufficient to reduce HIV reservoirs ex vivo.

Combinations of a potent LRA, HIV-specific CTL, and a BCL-2
antagonist drive reductions in HIV reservoirs from ex vivo CD4* T
cells. In our hands, both combinations of LRA + ABT-199 and of
LRA + CTL were individually effective against primary cell latency
models, but not against ex vivo reservoirs. We therefore next tested
the central hypothesis of the current study, that a combination
of these treatments would deplete ex vivo reservoirs as a result
of ABT-199 counteracting resistance to CTL-mediated elimi-
nation (Figure 6A). In an initial experiment, using cells from an
ARV-treated donor OM5011 (see Table 1), we continued to use
bryostatin-1 as an LRA and measured the elimination of latently
infected cells with ddPCR, quantifying HIV DNA at both gag and
env amplicons. Using 2 different autologous HIV-Gag-specific CTL
clones (targeting the ACQGVGGPGHK AK11 and the HPVHAG-
PIA HA9 epitopes), we observed significant depletions in HIV
DNA as measured at the env target sequence uniquely in the triple-
combination condition of bryostatin-1 + Gag-specific CTL + ABT-
199 (both P < 0.01, respectively; Figure 6B). We included an autol-
ogous CMV-pp65-specific CTL clone as an additional control and
observed a lack of depletion in HIV DNA, as expected (Figure 6B).
Using samples from the same experiment, we observed nonsig-
nificant trends toward depletion in HIV DNA as measured at the
gagtarget sequence for both CTL conditions (AK11, P=0.20; HA9,
P = 0.15; Figure 6C). In a second experiment, we used an autolo-
gous polyclonal HIV-specific T cell product that has been devel-
oped for T cell therapy (termed HSTs) (50, 51). The HSTs used in
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Figure 3. HIV reservoirs are preferentially harbored in BCL-2" -
expressing CD4* T cells following ex vivo reactivation. (A) Flow cytome-
try plots depicting strategy for identifying HIV-expressing cells by gating
on populations that were double-positive for the 2 HIV Gag antibodies.
Each plot represents 4-8 x 10° events. (B) Flow cytometry plots showing
HIV-expressing cells from 6 HIV-infected ART-suppressed donors: unstim-
ulated (top row) and stimulated with PMA/I (bottom row). The numbers
adjacent to the Gag* gates indicate the numbers of events detected per
million cells. (C) Flow cytometry plot depicting BCL-2 versus Gag expres-
sion in ex vivo CD4* T cells from an ART-suppressed donor. (D and E)
BCL-2 MFI of Gag* and Gag™ populations in ex vivo CD4* T cells from (D)
ART-suppressed donors (the same donors as in B) or (E) 4 ARV-naive
donors, after PMA/I stimulation (Wilcoxon's signed-rank test). (F) Sig-
nificantly greater differences in BCL-2 expression, between Gag* and Gag
CD4* T cells, were observed in ART-suppressed donors compared with
ART-naive individuals (unpaired t test).

this study (Figure 6, D and E, and Figures 7 and 8) exhibited high
frequencies of HIV-specific T cells (IFN-y responses to HIV-Gag/
Nef/Pol peptide pools, range: 6970-28,130 SFC/10¢ cells); they
were confirmed to respond to multiple epitopes by ELISPOT and
intracellular cytokine staining (Supplemental Figure 6, A-C) and
exhibited strong cytotoxicity against peptide-pulsed cells (Supple-
mental Figure 6D). In this experiment, we observed that the triple
combination of bryostatin-1 + HSTs + ABT-199 uniquely drove a
significant reduction in HIV DNA, as measured by primers and
probes targeting gag (Figure 6D); however, a trend toward a reduc-
tion in ddPCR targeting env did not reach statistical significance (P
= 0.06; Figure 6E). Although these initial results did provide some
support for our hypothesis, we also considered them to be some-
what marginal due to the lack of consistent statistical significance.
Given how resource intensive these HIVE assays are (e.g., using ~1
% 10° PBMCs per donor per experiment), we opted to transition to
the use of the maximally activating LRA anti-CD3/anti-CD28 for
HIVE assays, positing that this would enhance our ability to detect
an ability of ABT-199 to sensitive reservoir-harboring cells to elim-
ination by kick-and-Kkill.

We assessed the combination of anti-CD3/anti-CD28, ABT-
199, and autologous HSTs in an initial HIVE assay targeting ex vivo
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CD4" T cells from ART-suppressed donor OM5148. The elimina-
tion of reservoir-harboring cells was measured in parallel by ddP-
CR and QVOAs (Figure 7A). We observed significant reductions in
total HIV DNA (Figure 7, B and C) following treatment with anti-
CD3/anti-CD28 and HSTs, as well as with anti-CD3/anti-CD28
and ABT-199, and further significant reductions with anti-CD3/
anti-CD28 + HSTs + ABT-199 (Figure 7B, 3.4-fold vs. no treatment,
P < 0.0001; 2.1-fold vs. anti-CD3/anti-CD28 + HSTs, P = 0.009;
1.9-fold vs. anti-CD3/anti-CD28 + ABT-199, P = 0.03). Consistent
with our previous work, the decrease in HIV DNA with a maximal
LRA + T cells was not mirrored by a decrease in levels of replica-
tion-competent provirus as measured by QVOAs. Only by com-
bining ABT-199 with anti-CD3/anti-CD28 + HSTs were we able to
observe a significant reduction in this infectious reservoir, with no
p24* wells observed in the QVOA (IUPM O vs. no treatment: 0.66,
P =0.02; Figure 7D). We next performed an analogous HIVE using
an autologous HIV-specific CTL clone targeting a nonescaped HIV
epitope, which had previously failed to eliminate natural HIV res-
ervoirs in the absence of ABT-199 (21). As before, treatment with
anti-CD3/anti-CD28 + CTL led to significant 2.1-fold reductions
in HIV DNA, while further significant 5.7-fold reductions were
observed with anti-CD3/anti-CD28 + CTL clone + ABT-199 (Fig-
ure 7C). However, significant decreases in IUPM were uniquely
observed with the triple combination of anti-CD3/anti-CD28, CTL
clones, and ABT-199 (0.32 vs. 2.63 no treatment, P < 0.001; Figure
7E). Thus, in 2 initial HIVE assays using either HSTs or a CTL clone,
we observed that ABT-199 facilitated reductions in IUPM that were
not observed with effectors + LRA without ABT-199.

We next tested these treatment conditions in 8 additional
HIVE assays, using ex vivo CD4* T cells from 7 participants. For
3 HST-based HIVE assays, we also ran separate matched HIVE
assays using autologous HIV-specific CTL clones confirmed to tar-
get nonescaped epitopes (Figure 8); CTL clones, along with HSTs,
are collectively referred to hereafter as HIV-specific effectors. Asin
the above experiments, we observed appreciable nonspecific cell
toxicity in the ABT-199-treated conditions. This was accounted
for in all HIVE assays by applying only viable CD4* T cell counts
when plating QVOAs and calculating IUPM (Supplemental Fig-

Table 1. ART-suppressed participant clinical data

Participant ID Sex Age (yr) Ethnicity ART regimen Duration of viral load Viral load Estimated time
undetectable (month) (copies/mL) between infection
and ART (month)
0M501M M 46 White 3TC/ABC/DTG 133 <50 38
0M5267 M 28 White 3TC/ABC/Ral 91 <50 4
0M5334 M 34 White Genvoya/edurant 63 <50 2
0M5148 M 48 White 3TC/ABC/NVP 149 <50 57
0M5365 M 58 White Kivexa/tmc114/rtv/tmc125/ 14 <50 18
integrase/maraviroc
0M5162 M 56 White Truvada/integrase/kaletra 162 <50 3
0M5220 M 54 White 3TC/ABC/DTG 102 <50 Unknown
WWH-B004 F 63 White DTG+MVC* ~169 <50 <12
WWH-B008 M 64 Black Descovy/Truvada ~47 <50 ~60
WWH-BOT1 M 55 White Odesfy ~76 <50 ~264
WWH-B012 F 52 White Odesfy ~98 <50 <12
jci.org  Volume130 Number5  May 2020 2549
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Table 2. ART-naive participant clinical data

Participant ID Sex Age (yr) Viral load (copies/ (D4 counts cells/mm? HIV dx year ART status Visit 1 (year)
mL)

B465 M 47 61,830 352 2012 Naive 2017

B461 M 49 42,620 333 2012 Naive 2017

B4 E 58 6,690 877 2004 Naive 2017

0M5374 M 29 96,125 214 2018 Naive 2018

ure 7). In HIVE assays in which we were unable to recover more
than 3 million viable cells, all cells were plated in QVOAs to max-
imize the accuracy of our IUPM calculations without a matched
measurement for HIV DNA. Summary data for HIV DNA showed
no significant decreases following treatment with anti-CD3/anti-
CD28 alone or with anti-CD3/anti-CD28 + ABT-199 (P = 0.16 and
P =0.23, respectively; Figure 8A). Treatment with anti-CD3/anti-
CD28 + HIV-specific effectors led to overall significant decreases
in HIV DNA (P = 0.02), which were also observed with the addi-
tion of ABT-199 (P = 0.03, Figure 8A). In terms of intact-induc-
ible reservoirs, QVOA results showed no significant decreases
in IUPM when comparing the no-treatment condition to either
anti-CD3/anti-CD28, anti-CD3/anti-CD28 + ABT-199, or anti-
CD3/anti-CD28 + HIV-specific effectors (Figure 8B). However,
when cells were treated with the triple combination of anti-CD3/
anti-CD28, HIV-specific effectors, and ABT-199, we observed
significant decreases in IUPM compared with the no-treatment
condition (P = 0.03; Figure 8B). When considered individually, as
in Figure 7, D and E, decreases in QVOA were also significant for
9/10 HIVE assays following treatment with the triple combination.
Differences in IUPM were also significant when directly com-
paring anti-CD3/anti-CD28 + ABT-199 to the triple combination
of anti-CD3/anti-CD28 + HIV-specific effectors + ABT-199 (P =
0.02, Figure 8D). In conclusion, while cells harboring intact-in-
ducible HIV reservoirs — as measured by QVOA — were not
reduced following treatment with anti-CD3/anti-CD28 and either
ABT-199 or HIV-specific T cell effectors, the combination of all 3
treatments unlocked consistent reductions in viral reservoirs in ex
vivo CD4* T cells from ART-suppressed individuals.

Discussion

The interaction with a CTL that results in target cell elimination
is a highly regulated process on the part of both cells. In the con-
text of HIV, the factors that define an effective CTL have been
the subject of considerable study, which has led to numerous
key insights, such as the role of T cell exhaustion in limiting
immune control of viral replication (7, 52-56). In contrast, little
is known about how intrinsic differences in infected-cell sen-
sitivity may influence the outcome of interactions with CTL.
The potential importance of this consideration is highlighted by
oncology studies in which intrinsic resistance to CTL on the part
of target cells has emerged as a key factor limiting the efficacy
of immunotherapies (57, 58). In a recent study, we highlighted
the potential role of intrinsic target cell resistance to CTL Kkill-
ing in HIV persistence. In the current study, we provide evidence
for a causal role for BCL-2 in this resistance by demonstrating
that a selective BCL-2 antagonist, ABT-199, enabled reductions
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in ex vivo infectious reservoirs following latency reversal and
coculture with HIV-specific T cells. The transcriptional profiling
performed here has also identified additional candidate mecha-
nisms of resistance that will be pursued in future studies.

Our data with ex vivo CD4" T cells indicate that ABT-199 acted
by enabling CTL Kkilling, since significant reductions were not
observed with either LRA + CTL or with LRA + ABT-199. Howev-
er, this must be contextualized within a more complex landscape,
given that BCL-2 antagonism can also drive apoptosis through
CTL-independent mechanisms (59-61). Overall, we interpret the
results of our study to indicate that ABT-199 contributed to cell
death by 3 mechanisms, depending on the source and infection
status of the target cells. First, we consistently observed appreciable
losses in the overall viability of both ex vivo and latency model cells,
independent of any CTL recognition — likely as a result of an over-
all skewing of the anti-/proapoptotic balance maintained by BCL-2.
This nonspecific induction of apoptosis was substantially mitigated
by bryostatin-1, which is known to suppress apoptosis by phosphor-
ylating and thus activating BCL-2 (62), and to a lesser degree by
anti-CD3/anti-CD28 stimulation. We took care to control for any
confounding effects arising from this nonspecific toxicity by cal-
culating IUPM values based on only viable CD4" T cells in each
experimental condition. Second, in the TCM primary cell latency
model, we observed dramatic reductions in relative frequencies
of HIV-infected cells following treatment with ABT-199 (in the
absence of CTL), indicating that HIV-infected cells were dispro-
portionately susceptible to ABT-199-induced apoptosis compared
with uninfected cells. This result can be explained by recent publi-
cations showing that Casp8p41 bound with BCL-2 in HIV-infected
cells, which averted cell death (63). The BCL-2 antagonist ABT-199
canrelease Casp8p41 and specifically enhance the susceptibility of
HIV-infected cells to viral cytopathicity (64). Interestingly, and in
contrast to results from this latency model, viral cytopathicity did
not appear to be sufficient to drive the death of reservoir-harboring
cells from ex vivo CD4* T cells, even in the presence of ABT-199.
Rather, ABT-199 facilitated the death of ex vivo, HIV-infected cells
by a third, CTL-dependent mechanism, consistent with the central
hypothesis of the current study.

The mechanisms underlying our observation that infected
cells in a primary cell latency model were susceptible to elimi-
nation by ABT-199 + LRA, whereas those in ex vivo CD4* T cells
were not, are currently unknown. However, these results appear
to mirror our prior inability to reduce infectious reservoirs with
combinations of CTL and LRAs, whereas such combinations are
effective against models of latency (13, 21, 65). We suggest that
these results fit an emerging pattern in the field, as also evident
in the lack of reservoir reductions in clinical trials, supporting the
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Figure 4. Intact HIV proviruses are preferentially harbored in BCL-2"-expressing CD4* T cells ex vivo. (A) Shown are ddPCR results quantifying HIV DNA
in resting ex vivo CD4* T cells from ARV-treated donors that had been flow cytometry sorted based on BCL-2 expression. Intact quantification based on
droplets that were double-positive for gag and env signals (represent full-length proviruses); gag, quantification based on any droplet amplified with gag
primer/probes; env, quantification based on any droplet that amplified with env primer/probes (Wilcoxon’s matched-pairs signed-rank test, n = 7). (B)
Flow cytometry plots depicting sorting based on both memory phenotype and BCL-2 expression, using CD45RA and CCR7 to separate TCM and TEM pop-
ulations. (C) Intact and gag (see A) ddPCR results on samples from 2 ARV-treated donors, WWH-B008 (corresponds to flow plots in B), and WWH-B0O11.
Note that the difference in presentation and analysis of these ddPCR data versus other ddPCR data in the manuscript is due to the low DNA yield after
BCL-2 intracellular staining and flow sorting. Whereas in other experiments, each of 8 ddPCR replicates were treated as individual data points, here the
ddPCR software (Quantasoft) generated maximum likelihood estimates of 95% CI (shown) based on the frequency of positive droplets for all 4 to 6 repli-
cates taken together. This analysis method is recommended by the instrument manufacturer for the analysis of rare events.

idea that HIV reservoir-harboring cells — which durably persist
in individuals on long-term ART — possess a resiliency that may
not be reflected in short-term in vitro models of latency (22). The
results of our study suggest one mechanism by which such resil-
iency could emerge, through infection of CD4" T cells possessing
natural variation in BCL-2 activity, followed by in vivo selection
of an apoptosis-resistant BCL-2" population. Initial support for
this hypothesis is present in our observation of similar BCL-2
expression levels between Gag* and Gag™ cells in ex vivo CD4* T
cells from 4 ART-naive individuals, in comparison with elevated
BCL-2 expression in Gag* cells from individuals on long-term
ART. In the ART-naive samples, the majority of ex vivo Gag" cells
will have been newly infected with HIV and would have been des-
tined to die shortly after this snapshot, with an average life span of
approximately 2.2 days (66). In contrast, the infected cells reacti-
vated from individuals on ART represent long-term survivors that

were almost certainly infected before ART initiation (years pri-
or). Recently, it has been demonstrated that the HIV reservoir is
dynamically shaped by the proliferation and contraction of clones
of HIV-infected cells (67), providing the replication and herita-
bility needed to drive evolution within this surviving population,
and the selection of prosurvival factors, such as BCL-2. A broader
rendering of this hypothesis would include not only BCL-2, but
other factors that influence the susceptibility of cells to apoptosis.
One such factor is the anti-apoptotic protein BIRC5 (survivin), the
expression of which was recently demonstrated to be overrepre-
sented in clonally expanded cells in ex vivo CD4* T cells (68). Such
CTL-driven selection would be dependent upon the expression of
antigen, and thus one may think that it would uniquely apply to
cells harboring intact proviruses and not to those with defective
proviruses. However, the dichotomy of intact proviruses being
associated with antigen expression, while defective proviruses are
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Figure 6. ABT-199 enables modest reductions in HIV-infected cells by HIV-specific T cell effectors, following reactivation with bryostatin-1. (A) Schematic
of the HIVE assay with ddPCR as the endpoint. (B-E) ddPCR data measuring HIV-env (B and E) or HIV-gag (C and D) in DNA from HIVE assay samples, as
indicated. Shown are mean + SD values of 8 replicates per sample (following exclusion of outliers based on a prespecified criterion; see Methods). P values
were calculated by ordinary 1-way ANOVA, with Tukey’s multiple comparisons test if ANOVA test was significant.

not, does not fully reflect the complexity of the proviral landscape.
A subset of defective proviruses are capable of expressing antigen
and thus of being recognized by CTL (69, 70). On the other hand,
alarge proportion of intact proviruses are not expressed, even fol-
lowing stimulation with maximal LRAs, and thus are unlikely to
express antigen in vivo. We suggest that this complexity underlies

our observations that, whereas for some individuals only “intact”
proviruses were enriched in BCL-2% cells (e.g., WWH-BO11 in
Figure 4C), in other individuals, a degree of enrichment was also
observed for total HIV DNA (mostly defective) (Figure 4A). We
also note that, whereas BCL-2 antagonism was required to achieve
measurable reductions in QVOA assays, it also further enhanced

jci.org  Volume130  Number5  May 2020 2553


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/5

2554

RESEARCH ARTICLE

A

The Journal of Clinical Investigation

Obtain viable cell count via flow cytometry

HIV eradication (HIVE) assay performed as in figure 6A

and use to aliquot cells for ...

HIV DNA measurements via ddPCR

Threshold

4000
2000 Measurement of
0 IUPM via QVOA
0 20000 40000 60000 80000 100000
l. . Cellsiwell:  NOTx
B Representative ddPCR D Representative QVOA 12M | 600k | 320k
P < 0.0001 @O|@O OO
@ P =0.0004 o
§ P <0.0001 P=0.03 § 10 p=002 O@OO ®0
% g}i ., P =0.009 S T @OlO @|O@
81000-0 AT o E {1 T T @O@OOO
5 A_I_ g0 3 I !
% N . -T- fé.’ CD3/CD28*HIV spec
£ | Effector + ABT-199
Eé ch ‘3 0.1 3ooekc ?r 41-50k | 80k
(o]
5 . 000000
= 100 L— r . ’ ‘€ 0.01 . . !
= $6&+ Ooqg) ,\'\QQ ‘?‘é \e\é ,\(bq = $6&+ qu) «,\gg \2\%« Q‘é\ \%Q) O O O O O O
S & S ¢ & O O|O 000
| | | I (e]elele el
+ Anti-CD3/CD28 antibodies + Anti-CD3/CD28 antibodies | ]
E Celisiwell:  NOTX
c s P <0.0001 eS7v7vgk | 300k | 120k
21000 = 'O F<005 % 103 P<0.001 @@|@@ O®
N A TP TR, - 888880
& 1P BRI et L T 28080®
o e E.E Al V.3V o | |
ool | FLT A 88'€8'@0
E AA E ] |
g c?: CD3/CD28*HIV spec
a 3 Effector + ABT-199
<>°3 § 260k | 100k | 40k
= 10l , , . L 01 . . . .
T & @ ) R = <+ R R NN @ O|O O|O O
Yale @ © ¥ ¥ e 000800

+ Anti-CD3/CD28 antibodies

+ Anti-CD3/CD28 antibodies

080000
ele/ele/ele
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CTL-mediated reductions in total HIV DNA (Figure 7, B and C),
further supporting the idea that a subset of defective proviruses are
harbored from CTL in BCL-2" cells. Additional longitudinal stud-
ies of the expression of BCL-2 and other survival factors in ex vivo
reservoir-harboring cells are needed to further test the hypoth-
esis that CTLs select for infected cells with these prosurvival
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phenotypes. Pairing such studies with profiling of proviral land-
scapes and integration sites would allow further scrutiny of this
hypothesis by assessing whether such selection is limited to cells
harboring proviruses that are likely to drive antigen expression.
The results of our study suggest the possibility of adding
BCL-2 antagonist to therapeutic combinations of CTLs and
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LRAs with the aim of achieving the in vivo reductions in HIV res-
ervoirs that have eluded clinical trials to date. The BCL-2 antag-
onist ABT-199 used in the current study is the active ingredient
in the licensed drug Venclexta (venetoclax), which is used to treat
chronic lymphocytic leukemia (CLL) (71). Although venetoclax
has nontrivial side effects, it is reasonably well tolerated, with
CLL patients often taking this drug for years (72). It is therefore
worth considering clinical trials involving the BCL-2 antagonist
as a possible strategy for reducing or eliminating HIV reservoirs

in individuals on long-term ART. As our ex vivo results suggest
that the coordination of these agents with HIV-specific CTL may
be needed to achieve such reductions, it is important to note that
ABT-199 did not impair the viability or functionality of CD8" T
cells (see also ref. 73). Moreover, in a murine cancer model, vene-
toclax enhanced anti-PD-1-mediated T cell antitumor activity
(73, 74). In conclusion, the current study provides evidence that
HIV reservoir-harboring cells have been selected for survivability,
conferred, at least in part, through BCL-2. This establishes a ratio-
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nale for the development of novel tripartite therapies incorporat-
ing LRA, BCL-2 antagonism, and enhancement of CD8* T cell
responses through immunotherapy, cell therapy, or vaccination to
reduce or eliminate HIV reservoirs.

Methods

LRA, chemical agents, and antibodies. LRAs and BCL-2 antagonist
were used at the following concentrations: bryostatin-1 dissolved in
DMSO and used at 10 nM (Sigma-Aldrich); anti-CD3 (clone OKTS3,
BioLegend), anti-CD28 (clone CD28.2, BioLegend), and anti-CD3/
anti-CD28 antibodies were used at 1 ug/mL each; PMA and ionomy-
cin were dissolved in DMSO, and PMA was used at 25 nM (Sigma-
Aldrich), ionomycin at 1 pg/mL (Sigma-Aldrich); ABT-199 (Med
Chem Express, catalog HY-15531) was dissolved in DMSO used at
1 uM or 100 nM (as indicated). Fixable viability dye (aqua, Thermo
Fisher Scientific), anti-human CD3 (clone SK7, BD Biosciences), anti-
human CD4 (clone RPA-T4, BD Biosciences), anti-human CD8 (clone
RPA-T8, BioLegend), anti-human CD45RA (clone HI100, BD Biosci-
ences), anti-human CCR7 (clone G0O43H7, BioLegend), anti-human
CD69 (clone FN50, BioLegend), anti-human HLA-DR (clone L243,
BioLegend), anti-human BCL-2 (clone 100, BioLegend), and p24 anti-
bodies (anti-HIV core antigen: clone KC57, Beckman Coulter; p24.2
clone 28B7, MediMabs) were used.

Peptide-pulse CTL killing assay. CD4" T cells were enriched from
PBMCs by magnetic negative selection, following the manufacturer’s
instructions (STEMCELL Technologies). Where indicated, these cells
were activated before peptide pulsing with 1 pg/mL each anti-CD3
and anti-CD28 antibodies in RPMI-10 media supplemented with 50
U/mL of IL-2 (R10-50). Purified CD4* T cells were then pulsed with
RR11 peptide (RLRDLLLIVTR) (Genscript) at the indicated concen-
trations for 30 minutes in R10-50. CD4* T cells were then washed
and cocultured with autologous, RR11-specific CTL clones in R10-50.
After 16 hours, cell cultures were stained with anti-human CD3, CD4,
and CD8 antibodies and viability dye. In some experiments, cells were
also stained with anti-human CD45RA and CCR?7 antibodies. Cells
were then treated with Fixation/Permeabilization Solution (BD Bio-
sciences), followed with BCL-2 intracellular staining. Samples were
analyzed by flow cytometry, and data analysis was performed with
Flow]Jo, version 10, software.

RNA-Seq sample acquisition. Cultured TCM CD4" T cells were gen-
erated as previously described (48) (see also Supplemental Methods).
These TCM CD4" T cells were divided into either a real or mock con-
dition and then subdivided into 2 populations each, receiving either
CFSE or CTFR labeling (Thermo Fisher Scientific). After staining,
CFSE" cells in the real condition were pulsed with 1 pg/mL of RR11
peptide for 30 minutes. Following extensive washing, peptide-pulsed
cells were mixed with equal numbers of unpulsed CTFR* cells and
cocultured with CTL clones at an effector/target ratio of 1:1 overnight
in R10-50 media. Cells from the mock condition did not receive pep-
tide, but were otherwise treated identically to those of the real con-
dition. Following the overnight culture, cells were stained with anti-
bodies against human CD3, CD4, and CD8 and DAPI and then sorted
by FACS Influx (BD Biosciences) directly into vessels containing lysis
buffer (QIAGEN Inc.). Total RNA was immediately extracted using the
RNeasy Micro Kit (QIAGEN Inc.), and RNA quality and concentration
were determined by Agilent Bioanalyzer 2100. Library preparation
used the methods of TruSeq RNA Sample Preparation (nonstranded
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and poly-A selection), and sequencing was run on HiSeq 4000 (Illu-
mina) with a single read clustering and 50 cycles of sequencing.

RNA-Seq data analysis. The raw sequencing reads in BCL format
were processed through bel2fastq 2.19 (Illumina) for FASTQ conver-
sion and demultiplexing. RNA reads were aligned and mapped to the
GRCh37 human reference genome by STAR (version 2.5.2) (https://
github.com/alexdobin/STAR) (75), and transcriptome reconstruction
was performed by Cufflinks (version 2.1.1) (http://cole-trapnell-lab.
github.io/cufflinks). The abundance of transcripts was measured with
Cufflinks in FPKM (76, 77). Gene expression profiles were constructed
for differential expression, cluster, and principle component analy-
ses with the DESeq2 package (https://bioconductor.org/packages/
release/bioc/html/DESeq2.html) (78). For differential expression
analysis, pairwise comparisons between 2 or more groups using para-
metric tests where read counts followed a negative binomial distribu-
tion with a gene-specific dispersion parameter were used. Corrected
P values were calculated based on the Benjamini-Hochberg method
to adjusted for multiple testing. The list of differentially expressed
genes comparing “real survivors” and “real bystanders” was deter-
mined with a cutoff of FDR (adjusted P value) of less than 0.05. Path-
way analysis was performed with IPA (QIAGEN Inc.) (79). Markedly
enriched pathways were selected with a threshold of Benjamini-Hoch-
berg multiple testing correction of P < 0.05 and displayed as -log(Ben-
jamini-Hochberg, P value) of more than 1.3. Molecular networks were
also analyzed using IPA, with the top 25 significantly enriched net-
works shown in Supplemental Table 1. RNA-Seq data were deposited
in the NCBI’s Gene Expression Omnibus database (GEO GSE143879).

HIV flow direct staining of HIV-infected cells in ex vivo CD4* T cells.
Staining of HIV-infected cells was performed as previously described
(44). Briefly, CD4" T cells were activated with PMA (25 nM) and ion-
omyein (1 pg/mL) for 24 hours at 37°C in R-10 media and then har-
vested for flow cytometry. For each sample, around 4-8 x 10 cells
were stained with viability dye; anti-human CD3, CD4, and CD8; and
2 intracellular antibodies targeting HIV core antigen and anti-human
BCL-2 and then analyzed by flow cytometry (Attune NxT, Thermo
Fisher Scientific).

Sorting for BCL-2" versus BCL-2" cells. From 5 to 10 x 10° resting
CD4" T cells from long-term ARV-treated participants’ PBMCs were
enriched by negative selection. Cells were used for flow cytometry
staining with surface antibodies for 30 minutes 4°C using viability
dye and antibodies anti-human CD3, CD4, and CD8 with (Figure 4, B
and C) or without (Figure 4A) CD45RA and CCRY7. After washing out
the extra surface antibodies, cells were fixed with BioLegend Fixation
Buffer for 5 minutes in 4°C and then permeabilized with BioLegend
Permeabilization Wash Buffer and stained intracellularly with anti-hu-
man BCL-2 for 30 minutes. Finally, cells were resuspended in MACS
buffer and analyzed/sorted by flow cytometry (SONY MA9000)
based on BCL-2 high versus low. Sorted cells were pelleted, and DNA
was extracted with the QITAamp DNA FFPE Tissue Kit (QIAGEN Inc.)
following the manufacturer’s protocol. DNA was used for intact provi-
ral DNA assays (IPDAs).

HIVE assays. HIVE assays were set up as previously described (21).
Briefly, more than 20 x 10¢ resting CD4* T cells were pulsed with bryo-
statin-1 or anti-CD3/anti-CD28 antibodies for 2 hours, then washed
and cocultured with or without ABT-199 and/or HIV-specific effec-
tors (as indicated in the figures) in HIVE media: XVIVO-15 medium
(Lonza) supplemented with 1 pM tenofovir disoproxil fumarate, 1 uM


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/5
https://github.com/alexdobin/STAR
https://github.com/alexdobin/STAR
http://cole-trapnell-lab.github.io/cufflinks
http://cole-trapnell-lab.github.io/cufflinks
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://www.jci.org/articles/view/132374#sd

The Journal of Clinical Investigation

nevirapine, 1 M emtricitabine, 10 uM T-20, 10 U/mL human DNAse
I (ProSpec), and 0.1 nM IL-7. Following a 3- to 4-day coculture, CD4*
T cells were isolated and rested for 24 hours in R10-50 media at 37°C
to allow for ARV washout. Aliquots of pre- and post-CD4 enrichment
samples were collected and stained for viability and memory pheno-
type/activation status with antibodies against anti-human CD3, CD4,
CD8, CD45RA, CCR7, CD69, and HLA-DR, then analyzed by flow
cytometry. Following the overnight culture, a small aliquot of cells was
mixed with CountBright Absolute Counting Beads and viability dye
(Invitrogen Technologies) to obtain a count of total, live CD4" T cells
by flow cytometry. This viable cell count was used to determine cell
numbers for ddPCR and QVOA plating strategies.

ddPCR. ddPCR measuring total HIV DNA (HIVEs) was per-
formed as previously described (80), with slight modifications. For
each PCR reaction, 5 units of restriction enzyme BsaJl (NEB) was
directly mixed with 300 ng of DNA, ddPCR Supermix (no dUTP)
for probes (Bio-Rad), and final concentrations of 900 nM for the
primers and 250 nM for the probe. Primers and probes were as fol-
lows: RPP30 forward primer, GATTTGGACCTGCGAGCG; reverse
primer, GCGGCTGTCTCCACAAGT; probe, VIC-CTGAACTGAAG-
GCTCT-MGBNFQ; HIV-gag forward primer, TCTCGACGCAG-
GACTCG; reverse primer, TACTGACGCTCTCGCACC; and probe,
FAM-CTCTCTCCTTCTAGCCTC-MGBNFQ. Droplets were pre-
pared using the QX200 Droplet Generator (Bio-Rad) following the
manufacturer’s instructions. Sealed plates were cycled using the fol-
lowing program: 95°C for 10 minutes; 40 cycles of 94°C for 30 sec-
onds, 60°C for 1 minute; and 98°C for 10 minutes. Reactions were
analyzed using the QX200 Droplet Reader and number of template
molecules/uL of starting material was estimated using the Quantalife
ddPCR software. Eight technical replicates were run per sample, and
we consistently applied a predetermined exclusion criterion to outliers
that deviated from mean values by more than 2 times the SD.

For BCL-2 sorted samples (Figure 4) and HIVEs shown in Fig-
ure 6, a modified IPDA (45) was applied. For each PCR reaction,
the same ddPCR supermix and final concentrations of primers and
probes as above were used, but with 5 units of restriction enzyme
Xho I (NEB) mixed with 750 ng DNA (HIVEs) or approximately 250
ng DNA (BCL-2 sorted samples, low DNA vyield after intracellular
staining and flow sorting). Primers and probes were used in 2 sep-
arate PCR systems: the first system was housekeeping multiplex
with RPP30 (same as above) and RPP30-shearing forward prim-
er, CCATTTGCTGCTCCTTGGG; reverse primer, CATGCAAAG-
GAGGAAGCCG; FAM-GGAAAGGAGCAAGGTTC-IABk-
FQ. The second system was HIV multiplex with gag primers/probe
(same as above) (HIVEs) or HIV-¥ (BCL-2 sorted samples), with
forward primer, CAGGACTCGGCTTGCTGAAG; reverse primer,
GCACCCATCTCTCTCCTTCTAGC; ¥ probe, FAM-TTTTGGC-
GTACTCACCAGT-3IABKFQ; and HIV-env (RRE) forward primer,
AGTGGTGCAGAGAGAAAAAAGAGC; reverse primer, GTCTG-
GCCTGTACCGTCAGC; env probe HEX-CCTTGGGTTCTTGG-
GA-TIABKFQ; and hypermutant probe, IABKFQ-CCTTAGGTTCT-
TAGGAGC-IABKFQ (OM5011, OM5148, OM5267, WWH-B00S, and
WWH-B012). Because some samples (OM5334 and WWH-BO11)
showed low amplification efficiency on env signal, we designed alter-

probe,

native primers/probe to replace the env primer/probe. The alternative
primers/probe were as follows: Alt-env (RRE) forward primer, ACTAT-
GGGCGCAGCGTC; reverse primer, CCCCAGACTGTGAGTTGCA;
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Alt-env probe HEX-CTGGCCTGTACCGTCAG-3IABKFQ. The PCR
program was as follows: 95°C for 10 minutes; 40 cycles of 94°C for
30 seconds, 53°C for 1 minute; and 98°C for 10 minutes. DNA input
of housekeeping multiplex was 100-fold (HIVEs) or 30-fold (BCL-2
sorted samples) diluted from the input of the HIV-multiplex. Total gag,
env, or intact provirus copies were calculated by multiplying the dilu-
tion factors, and intact provirus copies were corrected with the shearing
percentage calculated from the housekeeping multiplex. For HIVEs, 8
technical replicates were run per sample. A predetermined exclusion
criterion was applied to remove outliers that deviated from mean
values by more than 2 times the SD. For BCL-2 sorted samples, 4 to 6
technical replicates were run per sample, and merged data from Quan-
taSoft software were exported and analyzed.

QVOAs. QVOAs were performed using a previously described
protocol (81), with slight modifications depending on the application.
Live cells counted by flow cytometry were distributed into either 3 of
2-fold serial dilutions with 8 or 12 replicates per dilution or 4 of 2-fold
serial dilutions with 24 replicates per dilution. This was determined
based on the numbers of viable cells recovered at the end of each
HIVE assay and the baseline IUPM values of the donor. At least 3 x 10¢
cells were plated for any given QVOA (where cell numbers fell below
this threshold, QVOA assays were omitted). Cells were then stimu-
lated with 2 pg/mL of PHA (Thermo Fisher Scientific) + 106 PBMCs
(HIV- donor, irradiated at 50 Gy). The next day, 10 CCR5"MOLT-4
cells were added along with a half media change. Cultures were then
incubated for 14 days, with half media changes with R10-50 every 3 to
4 days. We performed p24 ELISA on supernatant 15 days after the PHA
stimulation. For each condition, values for cells/well, number of pos-
itive wells, and total wells tested were entered into a limiting dilution
analyzer (http://bioinf.wehi.edu.au/software/elda/) to calculate the
maximal likelihood IUPM and a corresponding 95% CI.

Statistics. Statistical analyses were performed using Prism 7
(GraphPad), and the statistical analysis methods used are reported
in the figure legends. Comparisons among different peptide concen-
trations used Student’s ¢ test (2 tailed). Comparisons between BCL-2
MFI of Gag® versus Gag™ populations in HIV-flow used unpaired non-
parametric test (2 tailed) Wilcoxon’s signed-rank test. Comparisons
between BCL-2" versus BCL-2" sorted samples used paired nonpara-
metric test (2 tailed; Wilcoxon’s matched-pairs signed-rank test). All
ddPCR data of HIVEs were analyzed by ordinary 1-way ANOVA, with
Tukey’s multiple comparisons test if the ANOVA test was significant,
and statistics for the summary data sets for HIV DNA were performed
using the mean of 8 replicates per condition. QVOAs were run at the
end of each HIVE assay, the IUPM was calculated as described above,
and y? test was applied to determine the significance. All comparisons
between HIVE conditions in the summary data used paired nonpara-
metric test (2-tailed; Wilcoxon’s matched-pairs signed-rank test). A P
value of less than 0.05 was considered significant.

Study approval. HIV* individuals were recruited from either the
Maple Leaf Medical Clinic through a protocol approved by the Univer-
sity of Toronto (Toronto, Canada) IRB or Whitman-Walker Health in
Washington, DC (Table 1). Some samples were also collected through
an IRB-approved protocol at the Rockefeller University (New York,
New York, USA) (Table 2). Additional use of deidentified samples was
reviewed and approved by George Washington University and Weill
Cornell Medicine IRBs. All subjects were adults and gave written
informed consent before their participation. Leukapheresis samples
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were used immediately if possible or cryopreserved in liquid nitrogen;
cells were not left in culture before the initiation of experiments.
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