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Abstract

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. While viral latency is a critical factor in this
persistence, recent evidence also suggests a role 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 over-expression of the pro-survival factor BCL-2 as a
distinguishing feature of CD4" T-cells that survived CTL Kkilling. 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’ alone 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.

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). While 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 re-establish systemic

viremia if ART is ever interrupted (10-12).
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The “kick-and-kill” (or “shock-and-kill””) paradigm proposes to combine latency-reversing agents (LRAs)
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 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 (QVOA), despite the use of potent LRAs, and functional
CTLs targeting non-escaped viral epitopes (21). In those experiments, we recovered virus from QVOA
wells, super-infected 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 mechanisms 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 ARV-treated individuals often remains
sensitive to autologous 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 susceptibility 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 are more resistant than transitional and effector memory subsets, and activated CD4"
T-cells are more susceptible than their resting counterparts (24). One study has also reported that CD4" T-
cells from HIV-positive individuals 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
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susceptibilities of CD4" T-cell subsets to CTL-mediated elimination is unclear, though multiple

mechanisms of resistance have been identified in other cell types (26-29).

To address the challenge of CTL resistance, we performed RNA sequencing (RNAseq) transcriptional
profiling of peptide-pulsed primary CD4" T-cells that preferentially survived co-culture with corresponding
HIV-specific CTL. We identified a number of genes and pathways that were differentially regulated in
survivors, including over-expression of the pro-survival factor 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/granzymes, or through Fas/FasL interactions (30). BCL-2 (B-cell
lymphoma 2) is a master regulator of apoptosis that can inhibit both the perforin/granzyme B and FasL/Fas
pathways by sequestering Bid, thus preventing mitochondrial membrane permeabilization by tBid (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 pro-survival 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 which aim to directly promote the apoptosis of tumor
cells, which often over-express BCL-2 (35-40). By adding ABT-199 to our “kick-and-kill” co-cultures, 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 Co-culture Reveals Candidate

Mechanisms of Resistance
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To identify candidate mechanisms that may confer CTL resistance to HIV reservoir harboring cells, we
first studied differential intrinsic sensitivities to CTL killing 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 minimize this variable by synchronizing target cells in a central memory (Tcm) phenotype, as
these cells preferentially harbor the latent reservoir (41). This was achieved following the protocol used to
generate cells for the ‘cultured Tem model” of HIV latency (see Supplementary Methods) (42, 43). Tcowum cells
were divided into either a “real” condition, where half of the cells were labeled with CFSE and pulsed with
the HIV-Env peptide RLRDLLLIVTR, while the other half received no peptide and were labeled with
CTFR, or a “mock” condition where cells were similarly labeled but received no peptide. Both conditions

were then co-cultured with the corresponding CTL clone (Fig. 1A).

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: i) the ‘mock
bystanders’ and ‘mock survivors’ should not differ from each other ii) the difference between either ‘mock
bystanders’ or ‘mock survivors’ and ‘real bystanders’ should reflect exposure of the latter to peptide-
stimulated CTL (ex. cytokine signaling), iii) the difference between ‘real bystanders’ and ‘real survivors’
should reflect selection for factors that confer CTL resistance, and iv) the difference between ‘real survivors’
and either of the mock conditions should reflect a combination of ii and iii (Fig. 1A). Following an overnight
co-culture, CD4" T-cells in both conditions were sorted into ‘bystanders’ (CTFR) and ‘survivors’ (CFSE)

populations by flow cytometry, and subjected to transcriptional profiling by RNA sequencing (RNAseq).

Principal component analysis (PCA) of the resulting RNAseq data revealed a pattern that was consistent
with the above expectations, with the ‘mock bystanders’ and ‘mock survivors’ clustering together, while
the ‘real survivors’ and ‘real bystanders’ formed distinct clusters (Fig. 1B). As expected, the differences
between the ‘real bystanders’ and the ‘mock bystander’ conditions were predominately attributable to the

former having been co-cultured with peptide-stimulated CTL — ex. cytokine signaling, interferon signaling,
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and T-cell activation (Fig. S1A). Of greater importance to the current study, the comparison between the
‘real survivors’ and ‘real bystanders’ identified 1,061 differentially expressed genes (DEGs) FDR<0.05:
743 upregulated and 318 downregulated. Ingenuity Pathway Analysis (IPA) was performed, and the
significantly enriched pathways are shown in Fig. 1C (B-H Multiple Testing Correction p-value<0.05). A
number of individual genes appeared multiple times in these pathways, as indicated in Fig. 1D. To further
identify key genes, and establish connections between these, we generated gene network diagrams based
on the ingenuity pathway knowledge base (IPKB). Amongst these networks, we highlight one which
contains components of the following canonical pathways relevant to our hypothesis: Cytotoxic T
Lymphocyte-Mediated Apoptosis of Target Cells, Death Receptor Signaling, Interferon Signaling, and
Mitochondrial Dysfunction (Fig. 1E). This ‘network 6’, and all other networks are listed in Table S1, along
with scores. Following from this result, we assessed the expression levels of the genes implicated in the
‘cytotoxic T lymphocytes-mediated apoptosis of target cells’ pathway (caspase-2 and BCL2), as well as
PARP, a mediator of apoptosis that is downstream of caspase activation. We observed expression profiles
that were consistent with specific selection of over-expression of BCL2, and under-expression of caspase-
2 and PARP in the ‘real survivor’ cells that resisted elimination by CTL (Fig. 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 pathways. We prioritized BCL2 for validation
and further study based on its central position within the network shown in Fig. 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 determined if the over-expression of BCL2 transcripts observed in RNAseq 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 co-culturing HIV-Specific CTLs with autologous CD4" T-cells that had been
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pulsed with various concentrations of its cognate peptide, and measuring BCL-2 expression levels in
surviving CD4" T-cell (Fig. 2A-B). We observed significant losses in viable CD4" T-cells with increasing
peptide concentrations (10ug/mL peptide vs NoTx, 3.2-fold decrease p<0.0001; 2.1-fold decrease vs
0.01pg/mL peptide, p<0.0001, Fig. 2C), and a corresponding increase in BCL-2 expression in the
remaining CD4" T-cells (10pg/mL vs NoTx, p=0.008; vs 1ug/mL, p=0.03, Fig. 2C&D). This effect was
confirmed by assessing the impact of CTL killing on total numbers of target cells as divided into BCL-2"
and BCL-2" populations (Fig. 2E). We observed a progressive decrease in the numbers of BCL-2" cells
with increasing peptide concentrations (mean count — 83,000 at 0.01pg/mL peptide vs. 45,000 at 10pug/mL
peptide, p=0.009, Fig. 2E), alongside a lack of significant change in the numbers of BCL-2" cells, even at
10ug/mL of RR11 peptide (Fig. 2E). Thus, these data support 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 killing — or, may also reflect heterogeneity of these parameters within a given phenotype.
To distinguish between these, we performed a similar killing assay as in Fig. 2E, with the addition of
phenotypic marker staining to discriminate naive — CD45RA"CCR7", central memory (CM) — CD45RA"
CCR7", and effector memory (EM) — CD45RA'CCR7 populations. Parallel experiments were performed
where cells were either activated with anti-CD3/anti-CD28 prior to peptide pulsing and co-culture, 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. 2F). The most pronounced skewing in
BCL-2 expression was observed within the Tgwm cells (Fig. 2F), which corresponded with a greater degree
of killing of this population (%killed at 5 png/ml peptide by phenotype: Tem — 21.7%, Tem — 63.9%, naive —
36.8%). Thus, even within a given maturational population, the relative expression of BCL-2 is associated

with susceptibility to elimination by CTL.
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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 persistence of the HIV reservoir. We first assessed BCL-2
expression levels in ex vivo CD4" T-cells from ART-suppressed donors, following latency reversal with
PMA/Ionomycin (PMA/I) (Fig. 3A). This was accomplished using a recently developed flow cytometry
technique which allows for the identification and phenotypic characterization of this extremely rare
population (44). We established a gating strategy using cells from an ART-naive, chronically HIV-positive
individual (‘OMS5374’) and an HIV-negative donor (‘OM6960°) (Fig. 3A). As expected, we observed a
lack of Gag" cells in the HIV-negative sample, contrasted by a detectable population in the HIV-positive

sample, which was enhanced by PMA/I stimulation.

We extended this assay to measure differences of BCL-2 expression levels between HIV-infected and
uninfected cells amongst ex vivo CD4" T-cells from 6 additional durably AR T-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. 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, Fig. 3C-D). In contrast to these
ART-suppressed individuals, we observed similar BCL-2 expression levels between the Gag” (MFI mean:
1,001, range: 965-1,450) and Gag™ cell populations (MFI mean: 1,007, range: 1,093-1,350) from 4 ART-
naive participants (Table 2), following PMA/I stimulation (Fig. 3E-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, Fig. 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 over-
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expression from ARV-treated individuals are not simply the result of HIV expression, but rather may be a

feature that is enriched in cells comprising long-lived HIV reservoirs.

As an additional method for assessing the BCL-2 expression profile of reservoir-harboring cells, we sorted
ex vivo CD4" T-cells from long-term ART-suppressed individuals into BCL-2" and BCL-2" populations
by flow cytometry, and quantified HIV DNA in each population. HIV DNA was measured using a recently
developed droplet digital PCR method that allows for the discrimination of relatively intact proviruses,
which contain binding sites for both gag and env primer/probe pairs (45). We observed significantly higher
frequencies of HIV proviruses in BCL-2"CD4" T-cells, compared to BCL-2" population (p=0.02 for “intact”
and total gag) (Fig. 4A). We next determined whether this enrichment of infected cells in the BCL-2"
subset was reflective 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
CCR7 and CD45RA in our flow cytometry panel, and sorted cells from two donors into BCL-2" and BCL-
2" subsets for each: of naive — CD45RA'CCR7", central memory (CM) — CD45RACCR7", and effector
memory (EM) — CD45RACCR7 populations (Fig. 4B). For both individuals, we observed pronounced
enrichments of “intact” HIV DNA in the BCL-2" vs BCL-2" populations. These patterns were also reflected
at the level of total HIV DNA in each memory subset (Fig. 4C). These data provide an additional line of
evidence supporting that the HIV reservoir is preferentially harbored in BCL-2" cells in individuals on

long-term ART, and indicate that this is not merely reflective 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 reductions in the frequencies of HIV-infected cells taken ex vivo from ART-suppressed

participants (46). However, this was not associated with reductions in the amounts of HIV RNA released
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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 a LRA.

In our experiments, the effects of BCL-2 antagonist ABT-199 were assessed using an HIV eradication
(HIVE) assay (Fig. 5A), where changes in infected cells are measured by both droplet digital PCR (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 bryostatin-1 as the
LRA, as we had observed that it mitigated the appreciable levels of non-specific CD4" T-cell toxicity
induced by ABT-199 (Fig. S2). Potent activation of CD4" T-cells by bryostatin-1 was confirmed by CD69
staining (Fig. S3). 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 wash-out period to calculate infectious units per million
CD4" T-cells (IUPM). We further confirmed that prior treatment with ABT-199 did not continue to
negatively affect viability after the 24-hour wash-out, which may have otherwise introduced inaccuracy
into our QVOA measurements (Fig. S4). DNAse I was also included in the HIVE co-culture medium to

degrade the genomes of killed target cells such that these would not be measured by ddPCR.

We first tested whether ABT-199 would drive reductions when targeting ‘natural’ HIV reservoirs in ex vivo
CD4" T-cells from ART-suppressed donors. A representative example of a HIVE assay is shown in Fig.
5B. We did not observe reductions in either HIV DNA or IUPM following treatment with ABT-199 (1uM
or 100nM), either alone or in combination with bryostatin-1 (Fig. 5B). In this initial experiment, the overall

loss in viability meant that we had insufficient cells to assess conditions treated solely with ABT-199 (1uM)

10
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by QVOA. The only significant differences that we observed were increases in [UPM following treatment
with bryostatin-1 alone (p<0.001, Fig. 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 [UPM between untreated
conditions and ABT-199 (both 1uM and 100nM), tested either alone or in combination with bryostatin-1
(Fig. 5C-D). In contrast, the increases in [UPM observed with bryostatin-1 treatment were found to be
consistent across this population (p<<0.01 at 1uM, and p=0.03 at 100nM, Fig. 5C-D, right columns). 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 if this combination would be sufficient to drive the elimination of infected
cells in a well-characterized primary cell model of HIV latency (48, 49). This model typically harbors ~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
~0.00001 — 0.001%. Thus, to enable direct comparison to our results from ‘natural’ HIV reservoirs, 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 (Fig. S5A). In contrast
to ‘natural’ HIV reservoirs, we observed that ABT-199 (1uM and 100nM), alone or in combination with
bryostatin-1, drove reductions in latency model cells as measured either by ddPCR or QVOA (Fig. S5).
Most strikingly, we observed a 130-fold reduction in [UPM in the bryostatin-1+1uM ABT-199 condition
(p<0.0001), and a 21-fold reduction in IUPM in the bryostatin-1+100nM ABT-199 condition (p<0.0001,
Fig. S5B). Our results are consistent with a previous study which 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 both for our treatment conditions, and confirm our ability
to measure changes in the reservoir in HIVE assays. Thus, our results firmly establish that — while effective
against a latency model — ABT-199 in combination with the LRA bryostatin-1 was insufficient to reduce

HIV reservoirs ex vivo.
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Combinations of a Potent Latency Reversing Agent, 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 elimination (Fig. 6A). In an initial
experiment, using cells from an ARV-treated donor ‘OM5011° (see Table 1), we continued to utilize
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 two different autologous HIV-Gag-specific CTL clones
(targeting the ACQGVGGPGHK ‘AK11’ and the HPVHAGPIA ‘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, Fig. 6B). We included an
autologous CMV-pp65-specific CTL clone as an additional control, and observed a lack of depletion in
HIV DNA, as expected (Fig. 6B). Using samples from the same experiment, we observed non-significant
trends towards depletion in HIV DNA as measured at the gag target sequence for both CTL conditions
(AK11 — p=0.20, HA9 — p=0.15, Fig. 6C). In a second experiment, we utilized an autologous polyclonal
HIV-specific T-cell products that has been developed for T-cell therapy (termed “HSTs”) (50, 51). The
HSTs used in this study (Fig. 6D&E, and Fig. 7&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), and they were
confirmed to respond to multiple epitopes by ELISPOT and intracellular cytokine staining (Fig. S6A-C),
and exhibited strong cytotoxicity against peptide-pulsed cells (Fig. S6D). 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 (Fig. 6D), however a trend towards a reduction in

ddPCR targeting env did not reach statistical significance (p=0.06, Fig. 6E). While these initial results did
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provide some support for our hypothesis, we also considered them to be somewhat marginal due to the lack
of consistent statistical significance. Given how resource intensive these HIVE assays are (ex. using ~1 x
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 elimination by kick and kill.

We assessed the combination of anti-CD3/anti-CD28, ABT-199, and autologous HSTs in an initial HIVE
assay targeting ex vivo CD4" T-cells from ART-suppressed donor OM5148. The elimination of reservoir-
harboring cells was measured in parallel by ddPCR, and QVOAs (Fig. 7A). We observed significant
reductions in total HIV DNA (Fig. 7B-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 (Fig. 7B, 3.4-fold vs. NoTx, 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 replication
competent provirus as measured by QVOAs. Only by combining ABT-199 with anti-CD3/anti-
CD28+HSTs, we were able to observe a significant reduction in this infectious reservoir, with no p24* wells
observed in the QVOA (IUPM 0 vs. NoTx:0.66, p=0.02, Fig. 7D). We next performed an analogous HIVE
using an autologous HIV-specific CTL clone targeting a non-escaped HIV epitope, which had previously
failed to eliminate ‘natural’ HIV reservoirs 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. 7C). However, significant
decreases in [UPM were uniquely observed with the triple combination of anti-CD3/anti-CD28, CTL clones,
and ABT-199 (0.32 vs. 2.63 NoTx, p<0.001, Fig. 7E). Thus, in two 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.
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We next tested these treatment conditions in 8 additional HIVE assays, using ex vivo CD4" T-cells from 7
participants. For three HST-based HIVE assays, we also ran separate matched HIVE assays using
autologous HIV-specific CTL clones confirmed to target non-escaped epitopes (indicated by red lines, Fig.
8); CTL clones, along with HSTs, are collectively referred to hereafter as HIV-spec. effectors. As in the
above experiments, we observed appreciable non-specific 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 (Fig. S7). In HIVE assays where we were unable to recover >3 million
viable cells, all cells were plated in QVOAS to maximize the accuracy of our [UPM 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, Fig. 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 addition of ABT-199
(p=0.03, Fig. 8A). In terms of intact-inducible reservoirs, QVOA results showed no significant decreases
in [UPM when comparing the NoTx condition to either of: anti-CD3/anti-CD28, anti-CD3/anti-
CD28+ABT-199, or anti-CD3/anti-CD28+HIV-spec. effectors (Fig. 8B). However, when cells were treated
with the triple combination of anti-CD3/anti-CD28, HIV-spec. effectors, and ABT-199, we observed
significant decreases in IUPM compared to the NoTx condition (p=0.03, Fig. 8B). When considered
individually, as in Fig. 7D&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 comparing
anti-CD3/anti-CD28+ABT-199 to the triple combination of anti-CD3/anti-CD28+HIV-spec
effectorstABT-199 (p=0.02, Fig. 8D). In conclusion, while cells harboring intact-inducible 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 three treatments unlocked consistent reductions

in viral reservoirs in ex vivo CD4" T-cells from ART-suppressed individuals.
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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 context 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 sensitivity may influence the outcome of interactions with CTL. The potential importance
of this consideration is highlighted by oncology studies where 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 killing 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 in ex vivo infectious reservoirs following latency
reversal and co-culture with HIV-specific T-cells. The transcriptional profiling performed here has also

identified additional candidate mechanisms 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 killing, since significant
reductions were not observed with either LRA+CTL, or with LRA+ABT-199. However, 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 three 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 overall skewing of
the anti-/pro-apoptotic balance maintained by BCL-2. This non-specific induction of apoptosis was
substantially mitigated by bryostatin-1, which is known to suppress apoptosis by phosphorylating and thus

activating BCL-2 (62), and to a lesser degree by anti-CD3/anti-CD28 stimulation. We took care to control
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for any confounding effects arising from this non-specific toxicity by calculating [UPM 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 disproportionately susceptible
to ABT-199-induced apoptosis as compared to uninfected cells. This result can be explained by recent
publications showing that Casp8p41 binds with BCL-2 in HIV-infected cells, which averted cell death (63).
The BCL-2 antagonist ABT-199 can release 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 elimination 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 unsuccessful
clinical trials, supporting the 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 resiliency 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 to 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
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would have been destined to die shortly after this snapshot — with an average lifespan of ~2.2 days (66). In
contrast, the infected cells reactivated from individuals on ART represent long-term survivors that were
almost certainly infected prior to ART initiation (years prior). 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 heritability needed to drive evolution within this surviving population,
and the selection of pro-survival factors, such as BCL-2. A broader rendering of this hypothesis would
include not only BCL-2, but other factors which 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 over-represented 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 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, a large proportion of intact
proviruses are not expressed, even following 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 (ex. WWH-BO011 in Fig. 4C), in other
individuals a degree of enrichment was also observed for total HIV DNA (mostly defective) (Fig. 4A). We
also note that whereas BCL-2 antagonism was required to achieve measurable reductions in QVOA assays,
it did also further enhance CTL-mediated reductions in total HIV DNA (Fig. 7B &C), further supporting
that a subset of defective proviruses are harbored from CTL in BCL-2" cells. Additional longitudinal
studies of the expression of BCL-2 and other survival factors in ex vivo reservoir-harboring cells are needed
to further test the hypothesis that CTL select for infected cells with these pro-survival phenotypes. Pairing
such studies with profiling of proviral landscapes 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.
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The results of our study suggest the possibility of adding BCL-2 antagonist to therapeutic combinations of
CTL and LR As with the aim of achieving the in vivo reductions in HIV reservoirs that have eluded clinical
trials to date. The BCL-2 antagonist 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 non-trivial 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 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 co-ordination 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 (73)]. Moreover, in a murine cancer model, Venetoclax enhanced anti-PD-1
mediated T-cell anti-tumor 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 rationale for the development of novel tripartite therapies incorporating latency reversing
agents, BCL-2 antagonism, and enhancement of CD8" T-cell responses through immunotherapy, cell

therapy, or vaccination to reduce or eliminate HIV reservoirs.

Methods

Agents: Latency reversing agents, Chemical agents and Antibodies

LRAs and BCL-2 antagonist were used at the following concentrations: Bryostatin-1 dissolved in DMSO
at 10nM (Sigma-Aldrich); anti-CD3 (OKT3, Biolegend), anti-CD28 (CD28.2, Biolegend) anti-CD3/anti-
CD28 antibodies were used at 1pug/mL each; PMA and lonomycin were dissolved in DMSO, and PMA was

used at 25nM (Sigma-Aldrich), lonomycin at 1ug/ml (Sigma-Aldrich); ABT-199 (Med Chem Express,
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Cat# HY-15531) was dissolved in DMSO used at 1uM or 100nM (as indicated). Fixable viability dye (aqua,
ThermoFisher), anti-human CD3 (clone SK7, BD Biosciences), anti-human CD4 (clone RPA-T4, BD
Biosciences), anti-human CD8 (clone RPA-TS, Biolegend), anti-human CD45RA (clone HI100, BD
Biosciences), anti-human CCR7 (clone G043H7, Biolegend), anti-human CD69 (clone FN50, Biolegend),
anti-human HLA-DR (clone 1.243, Biolegend), anti-human BCL-2 (clone 100, Biolegend), p24 antibodies

(anti-HIV core antigen: clone KC57, Beckman Coulter; p24.2 clone 28B7 MediMabs).

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 prior to peptide pulsing
with 1pg/ml each anti-CD3 and anti-CD28 in RPMI-10 media supplemented with 50U/mL of IL-2 (R10-
50). Purified CD4" T-cells were then pulsed with RR11 peptide (RLRDLLLIVTR) (Genscript) at the
indicated concentrations for 30 minutes in R10-50. CD4" T-cells were then washed and co-cultured with
autologous, RR11-specific CTL clones in R10-50. After 16 hours, cell cultures were stained with anti-
human CD3, CD4, CDS8 antibodies, viability dye. In some experiments, cells were also stained with
CD45RA and CCR7 antibodies. Cells were then treated with Fixation/Permeabilization solution (BD
Biosciences), and followed with BCL-2 intracellularly staining. Samples were analyzed by flow cytometry,

and data analysis was performed with FlowJo v10 software (FlowJo, LLC).

RNA-seq sample acquisition

Cultured Tem CD4" T-cells were generated as previously described (48), see also Supplementary Methods.
These Tcm CD4" T-cells were divided into either a “real” or “mock” condition, and then sub-divided into
two populations each, receiving either CFSE or cell-track far-red (CTFR) labeling (ThermoFisher
Scientific). After staining, CFSE" cells in the “real” condition were pulsed with 1pg/mL of RR11 peptide

for 30 minutes. Following extensive washing, peptide-pulsed cells were mixed with equal numbers of
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unpulsed CTFR" cells and co-cultured with CTL clones at an effector:target ratio = 1:1 overnight in R10-
50 media. Cells from the “mock” condition did not receive peptide, but were otherwise treated identically
to the “real” condition. Following the overnight culture, cells were stained with antibodies against human-
CD3, CD4, CD8, and DAPI, and then sorted by FACS Influx (BD Biosciences) directly into vessels
containing lysis buffer (Qiagen). Total RNA was immediately extracted using the RNeasy Micro Kit
(Qiagen), and RNA quality and concentration was determined by Agilent Bioanalyzer 2100. Library
preparation was using the methods of TruSeq RNA Sample Preparation (Non-Stranded and Poly-A
selection), and sequencing was run on HiSeq4000 (Illumina) with a single read clustering and 50 cycles of

sequencing.

RNA-seq data analysis

The raw sequencing reads in BCL format were processed through bcl2fastq 2.19 (Illumina) for FASTQ
conversion and demultiplexing. RNA reads were aligned and mapped to the GRCh37 human reference
genome by STAR (Version2.5.2) (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 Fragments Per
Kilobase of exon model per Million mapped reads (FPKM) (76, 77). Gene expression profiles were
constructed for differential expression, cluster, and principle component analyses with the DESeq?2 package
(https://bioconductor.org/packages/release/bioc/html/DESeq2.html) (78). For differential expression
analysis, pairwise comparisons between two or more groups using parametric tests where read-counts
follow a negative binomial distribution with a gene-specific dispersion parameter. Corrected p-values were
calculated based on the Benjamini-Hochberg (B-H) method to adjusted for multiple testing. Differential
expression genes (DEGs) list between ‘real’ survivors and ‘real’ bystanders were determined with a cut-off
of FDR (adjusted p-value) <0.05, and then analyzed with ingenuity pathway analysis (IPA, QIAGEN).
Significantly enriched pathways were selected with a threshold of B-H multiple testing correction p-value

<0.05, and displayed as -log(B-H p-value) >1.3. Molecules interacting networks were also analyzed using
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IPA, with the top 25 significantly enriched networks showed in Table S1. RNAseq data have been

deposited in the GEO repository under the accession number 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 (25nM) and ionomycin (1pg/mL) for 24 hours at 37°C in R-10 media, and then
harvested for flow cytometry. For each sample, around 4-8 x 10° cells were stained with viability, anti-
human CD3, CD4, CD8, and two intracellular antibodies targeting HIV core antigen, and BCL-2, and then

analyzed by flow cytometry (Attune NxT, ThermoFisher Scientific).

Sorting for BCL-2 -> ddPCR

5-10 x 10° resting CD4" T-cells were enriched from long-term ARV-treated participants PBMCs by
negative selection. Cells were used for flow cytometry staining with surface antibodies for 30mins 4°C:
viability dye and antibodies anti-human CD3, CD4, CD8, with (Fig. 4B-C) or without (Fig. 4A) CD45RA
and CCR7. After washing out the extra surface antibodies, cells were fixed with Biolegend Fixation Buffer
for Smins in 4°C and then permeabilized with Biolegend Permeabilization Wash Buffer and stained
intracellularly with anti-human BCL-2 for 30mins. Finally, cells were resuspended in MACS buffer and
analyzed/ sorted by flow cytometry (SONY MA9000) based on BCL-2 high vs low. Sorted cells were
pelleted and DNA was extracted with QIAamp DNA FFPE minElute kit (Qiagen) following the

manufacture protocol. DNA was used for IPDA assays.

HIV Eradication (HIVE) Assays
HIVE assays were set up as previously described (21). Briefly, >20 x 10° CD4" T-cells were pulsed with
bryostatin-1 or anti-CD3/anti-CD28 antibodies for 2 hours, then washed and co-cultured with/without

ABT-199 and/or HIV-spec. effectors (as indicated in the figures) in HIVE media: XVIVO-15 medium
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(Lonza) supplemented with 1uM Tenofovir Disoproxil Fumarate, 1uM nevirapine, 1puM emtricitabine,
10uM T-20, 10U/ml human DNAse I (ProSpec), and 0.1nM IL-7. Following a 3-4 day co-culture, 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
phenotype/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.

Digital droplet PCR

ddPCR measuring total HIV DNA (HIVEs) was performed as previously described (79), with slight
modifications. For each PCR reaction, 5 units of restriction enzyme Bsall (NEB) was directly mixed with
300ng of DNA, ddPCR Supermix (no dUTP) for Probes (Bio-Rad), and final concentrations of 900nM
primers and 250nM probe. Primers/Probes were: RPP30 — Fprimer GATTTGGACCTGCGAGCG, Rprimer
GCGGCTGTCTCCACAAGT, probe VIC-CTGAACTGAAGGCTCT-MGBNFQ; HIV-gag — Fprimer
TCTCGACGCAGGACTCG, Rprimer TACTGACGCTCTCGCACC, probe FAM-
CTCTCTCCTTCTAGCCTC-MGBNFQ; Droplets were prepared using the QX200 Droplet Generator
(Bio-Rad) following the manufacturer’s instructions. Sealed plates were cycled using the following
program: 95°C for 10 min; 40 cycles of 94°C for 30 s, 60°C for 1 min; and 98°C for 10 min. Reactions
were analyzed using the QX200 Droplet Reader and number of template molecule per pl of starting material
was estimated using the Quantalife ddPCR software. 8 technical replicates were run per sample, and we
consistently applied a pre-determined exclusion criterion to outliers that deviated from mean values by >2x

the standard deviation.
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For BCL-2 sorted samples (Fig. 4) and HIVEs showing in Fig. 6, a modified IPDA(45) was applied. For
each PCR reaction, same ddPCR supermix and final concentrations of primers and probes as above, but
with 5 units of restriction enzyme Xho I (NEB) mixed with 750ng DNA (HIVEs) or ~250ng DNA (BCL-
2 sorted samples, low DNA yield after intracellular staining and flow sorting). Primers and probes were

used in 2 separate PCR systems: house-keeping multiplex with RPP30 (same as above) and RPP30-shearing

— Fprimer CCATTTGCTGCTCCTTGGG, Rprimer CATGCAAAGGAGGAAGCCG, probe FAM-
GGAAAGGAGCAAGGTTC-IABKFQ. HIV multiplex with gag primers/probe same as above (HIVEs) or
HIV-Y (BCL-2 sorted samples) Fprimer- CAGGACTCGGCTTGCTGAAG, Rprimer-
GCACCCATCTCTCTCCTTCTAGC, ¥ Probe- FAM-TTTTGGCGTACTCACCAGT-31ABKFQ; and
HIV-env (RRE) — Fprimer AGTGGTGCAGAGAGAAAAAAGAGC, Rprimer
GTCTGGCCTGTACCGTCAGC, probe HEX- CCTTGGGTTCTTGGGA-IABKFQ, hypermutant probe
IABKFQ-CCTTAGGTTCTTAGGAGC-IABKFQ (OM5011, OM5148, OM5267, WWH-B008 and WWH-
B012). As some samples (OM5334 and WWH-B011) showed low amplification efficiency on env signal,
we used alternative primers/probe instead. Alt-env (RRE) Fprimer ACTATGGGCGCAGCGTC, Rprimer
CCCCAGACTGTGAGTTGCA, Probe HEX-CTGGCCTGTACCGTCAG-3IABKFQ. PCR program is as
following: 95°C for 10 min; 40 cycles of 94°C for 30 s, 53°C for 1 min; and 98°C for 10 min. DNA input
of house-keeping multiplex, is 100-fold (HIVEs) or 30-fold (BCL-2 sorted samples) diluted from the input
of HIV-multiplex. Total gag, env or ‘intact’ proviruses copies were calculated by multiplying the dilution
factors, and ‘Intact provirus’ copies were corrected with the shearing percentage calculated from house-
keeping multiplex. For HIVEs, 8 technical replicates were run per sample, and applied with a pre-
determined exclusion criterion to outliers that deviated from mean values by >2x the standard deviation.
For BCL-2 sorted samples, 4-6 technical replicates were run per sample, and merged data from QuantaSoft

software was exported and analyzed.

Quantitative viral outgrowth assays (QVOAs)
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QVOAs were performed using a previously described protocol (80), with slight modifications depending
on the application. Live cells counted by flow cytometry were distributed into either three of 2-fold serial
dilutions with 8 or 12 replicates per dilution, or four 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 3x10° cells were plated for any given QVOA (where cell
numbers fell below this threshold, QVOA assays were omitted). Cells were then stimulated with 2pug/ml of
PHA (ThermoFisher Scientific) + 10° PBMCs (HIV" donor, irradiated at 5000 rads). 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 3-4 days. We performed p24 ELISA on supernatant 15d after
the PHA stimulation. For each condition, values for cells/well, number of positive 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% confidence interval.

Quantification and Statistical Analysis

Statistical analyses were performed using Prism 7 (GraphPad), and the statistical analysis methods used are
reported in Figure Legends. Comparisons among different peptide concentrations used Student’s t-test (2-
tailed). Comparisons between BCL-2 MFI of Gag" vs Gag™ population in HIV-Flow used unpaired non-
parametric test (2-tailed) - Wilcoxon signed rank test. Comparisons between BCL-2" vs BCL-2"" sorted
samples used paired non-parametric test (2-tailed) - Wilcoxon matched-pairs signed rank test. All ddPCR
data were analyzed by Ordinary one-way ANOV A, with Tukey’s multiple comparisons test if 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, and the [UPM was calculated as
described above, and Chi-square test was applied to determine the significance. All comparisons between
HIVE conditions used paired non-parametric test (2-tailed) - Wilcoxon matched-pairs signed rank test. A

P value of less than 0.05 was considered significant.
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Study Approval

HIV-positive individuals were recruited from either the Maple Leaf Medical Clinic in Toronto, Canada
through a protocol approved by the University of Toronto Institutional Review Board (IRB), or Whitman-
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Fig. 1. Transcriptional Profiling of Target CD4" T-cells that Survive CTL Co-culture Reveals
Candidate Mechanisms of Resistance. (A) Schematic of peptide-pulse killing assay and flow sorting for
transcriptional profiling. (B) Principal component analysis (PCA) showing clustering of cell populations,
as indicated. (C) Ingenuity pathway analysis results showing the significant enriched pathways between
‘real bystanders’ and ‘real survivors’. Orange bars indicate positive z-scores, blue bars - negative z-score
and grey bars — no activity pattern. (D) Top 6 genes by numbers of instances in significant pathways from
C. (E) IPA network analysis (subcellular display) showing a significantly enriched network. Interactions
with significant pathways from C and with cytotoxic T Lymphocyte-mediated Apoptosis of Target Cells
are also shown. Red shading indicates over-expressed in ‘real survivors’, and green indicates under-
expressed — both in comparison to ‘real bystanders’. (F) BCL2 as well as upstream (CASP2) and
downstream (PARP) gene expression levels in all 4 conditions. Shown are fragments per kilobase of
transcript per million mapped reads (FPKM) from RNA-seq. False discovery rate adj. p-values from DESeq

analysis are shown.

32



859
860

861
862

863

Figure 2

A e -
h Wash out
,b . peptldes 16 hr co-culture
\Q. o

Harvest cells | Characterize
surviving cells

Co-culture W|th

CTLcIones by flow cytometry
Pulse cells with
peptide oo
B Live CD4+ Live CD4+ Live CD3* Live CD3*
No treatment +Peptide +CTL No treatment +Peptide +CTL
y Aei 916 1
3.5 10%4 10%+
10°4 10°4
0 ; 0 i
E . 16 8 ey 1033
(@] -11-| T Ty | L | T T Ty Ty &) TR Ty T TR Ty T
i@ d ¢ @ e LG AT T AT ST Rt 0% 0 10° 10t 10° 400 0 103 104 108
; A
CD8 Viability dye (positive stain indicates dead cells)
C BCL-2 Expression in Survivors D  Fluorescence minus one  +1 pg/ml peptide +CTL No peptide +CTL
o (FMO) staining control (survwors of CTL killing) (No CTL killing)
800 -@ BCL-2 MFI 80 o~ 4.0K 4.0K 4.0K
2" Viability 8 As o«
. 600 60 2 0K 3.0K~ 3.0K4
E 8 2.0K= 2.0K< 2.0K
V40 40 =
g i 1.0K< 0 1.0K+ 1.0K<
<
200 20 2 ol o o] o]
o -
ot . . ) g 8 1.0K, 1.0K, - e :1 - -1.0K, . . 2 -
0.01 0.1 1 10 108 o 10° 0 o 108 104 10° 0% o 108 104 102
Peptide Concentration (ug/mL) CD4 -
E F 750 - | | -o- Activated
1000007, @ Low BCL-2 8000 700 TCM : : = Non-Activated
. 80000 4 High BCL-2 o 650 - : :
§ 6000 2 T 600 | |
& 60000 o S o0 I I NAIVE
3 e o | |
O 40000 4000 = @) %007 % I I
@ 450 - I I
20000 I I
400 | TEM | fi:i::jf;
0 T T 2000 350 : :
o Peptide 0C'1oncentrati(1)n ( /mL)10 e A P o e, A S S At S s s A S
p Mg N 09@,0_0\ Q-Qb‘ N Q.&q/gg\ ng. & o 6_0&09\ qu K °

Peptide Concentration (pug/mL)

Fig. 2. CD8" CTL preferentially eliminate CD4" T-cells with low BCL-2 expression levels. (A)
Schematic of peptide-pulse and killing assay. (B) Representative gating strategy of flow cytometry plots to
identify surviving CD4" T-cells, and CD4:CDS8 ratios in either “No Treatment” or ‘“+Peptidet+CTL”

conditions. (C) Graph of total BCL-2 MFI (left axis, black line) and CD4" T-cell viability normalized to
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the NoTx 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 triplicates,
and shown are mediantrange. (F) The data shown are analogous to panel C, but with two additions: 1)
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 (non-activated) ii) the markers CD45RA and CCR7 were included in
the flow panel to discriminate naive (CD45RA'CCR7"), TCM (CD45RACCR7"), and TEM (CD45RA"

CCRYTY). Statistical significance was determined by t-test, * p<0.05, ** p<0.01, *** p<0.001, **** p<(0.0001
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Figure 3
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Fig. 3. HIV reservoirs are preferentially harbored in BCL-2"%" expressing CD4" T-cells following ex
vivo reactivation. (A) Flow cytometry plots depicting strategy for identifying HIV expressing cells, by
gating on populations that were double positive for the two HIV Gag antibodies. Each plot represents 4-
8x10° events. (B) Flow cytometry plots showing HIV expressing cells from 6 HIV-infected ART-
suppressed donors: unstimulated (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 vs Gag expression in ex vivo CD4" T-cells from an ART suppressed donor. (D&E) BCL-
2 MFI of Gag" and Gag™ populations in ex vivo CD4" T-cells from (D) ART-suppressed donors (the same
donors as B) or (E) 4 ARV-naive donors, after PMA/I stimulation (Wilcoxon signed rank test). (F)
Significantly greater differences in BCL-2 expression, between Gagand Gag” CD4" T-cells, were observed

in ART-suppressed donors, compared to ART-naive individuals (unpaired t-test).
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Figure 4
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Fig. 4. Intact HIV proviruses are preferentially harbored in BCL-2"#" expressing CD4" T-cells ex
vivo. (A) Shown are droplet digital PCR (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 that amplified with gag primer/probes, ‘env’ =
quantification based on any droplet that amplified with env primer/probes (Wilcoxon 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 central memory (TCM) and effector memory (TEM)
populations. (C) ‘Intact’ and ‘gag’(see A, above) ddPCR results on samples from two ARV-treated donors
— WWH-B008 (corresponds to flow plots in B), and WWH-BO011. 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
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post 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 95% confidence intervals (shown) based on the frequency of positive
droplets for all 4-6 replicates taken together. This analysis method is recommended by the instrument

manufacturer for the analysis of rare events.
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Fig. 5. BCL-2 antagonist ABT-199 failed to drive reductions in ex vivo, latently infected CD4" T-cells
in HIVE assays. (A) Schematic of a HIVE assay using ex vivo CD4" T-cells from ART-suppressed
individual showing endpoints. (B) A representative HIVE assay showing total HIV DNA (left, means + SD

of 8 replicates) and infectious unites per million cells (IUPM, right, + 95% confidence interval). Statistical
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significance determined by: One-way ANOVA for ddPCR, and a Pairwise Chi-Square Test for QVOA.
Summary data for ABT-199 tested at (C) 1uM and (D) 100nM in following HIVE assays. Levels of HIV
DNA (left) and [UPM (right) are shown, comparing ABT-199 alone vs NoTx, and Bryostatin-1+ABT-199
vs Bryostatin-1 (n=8 for C, n=6 for D). Dashed lines indicate paired Bryostain-1 vs NoTx conditions.
DMSO was added to NoTx conditions at a matched concentration with +Tx conditions. Statistical

significance was determined by Wilcoxon matched-pairs signed rank test.
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Fig. 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 HIV Eradication (HIVE) assay with
droplet digital PCR as the endpoint. (B-E) ddPCR data measuring HIV-env (B&E) or HIV-gag (C&D) in

DNA from HIVE assay samples, as indicated. Shown are mean £+ SD values of 8 replicates per samples
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920  (following exclusion of outliers based on pre-specified criteria, see Methods). P values were calculated by
921  Ordinary one-way ANOVA, with Tukey’s multiple comparisons test if ANOVA test was significant.

922
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A HIV Eradication (HIVE) Assay Performed as in Figure 6A
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Fig. 7. ABT-199 enables CTL-mediated reductions in ex vivo HIV reservoirs following reactivation

with anti-CD3/anti-CD28. (A) Schematic of the HIV Eradication (HIVE) assay showing representative

endpoints. (B, C) Representative ddPCR data (mean + SD of 8-12 replicates) from two HIVE assays using:

autologous HSTs in (B), and an autologous HIV-specific CTL clone in (C). P values are determined by

one-way ANOVA test. (D, E) Representative QVOA data showing maximum likelihood estimates of [UPM
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+ 95% confidence intervals (the same HIVE assays in B, C). P values are determined by pairwise chi-square

test. The representative QVOA plates shown on the right correspond to the NoTx and the anti-CD3/anti-

CD28+HIV-spec. effector+ABT-199 conditions.
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Figure 8
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933
934  Fig. 8. Summary data showing that tri-combinations reduce ex vivo HIV reservoirs. (A) Summary
935  ddPCR data for HIV DNA levels following HIVE assays, comparing each of the indicated treatment
Y
936  conditions. (n=10, except for anti-CD3/anti-CD28+HIV-Spec. effectort ABT-199 n=6 due to insufficient
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cell numbers). (B) Summary QVOA data quantifying I[UPM following HIVE assays, comparing each of
the indicated treatment conditions (n=10). (C) Summary ddPCR for HIV DNA and (D) QVOA data
quantifying IUPM comparing anti-CD3/anti-CD28+ABT-199 vs anti-CD3/anti-CD28+HIV-Spec.
effector+ABT-199, emphasizing the reduction of [IUPM is only seen in combination of all three compounds
(n=6 for C and n=10 for D). Lines in red indicate where autologous HIV-specific CTL clones were used,

black lines were HSTs. Statistical significance was determined by Wilcoxon matched-pairs signed rank test.
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Table 1. ART-Suppressed Participant Clinical Data

Duration of Est. time
Viral Load between
Participant Gen | Age undetectable Viral Load | infection and
ID der | (v) Ethnicity | ART regimen (month) (Copies/mL) | ART (months)
OM35011 M 46 | White 3TC/ABC/DTG 133 <50 38
OM5267 M 28 | White 3TC/ABC/Ral 91 <50 4
OM5334 M 34 | White Genvoya/Edurant | 63 <50 2
OM5148 M 48 | White 3TC/ABC/NVP 149 <50 57
Kivexa/tmc114/rt
v/tmc125/integra
OM5365 M 58 | White se/maraviroc 114 <50 18
truvada/integrase/
OMS5162 M 56 | White kaletra 162 <50 3
OM5220 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-B011 | M 55 | White Odesty ~76 <50 ~264
WWH-B012 | F 52 | White Odesfy ~98 <50 <12
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Table 2. ART-Naive Participant Clinical Data

B465 M 47 61,830 352 2012 naive 2017
B461 M 49 42,620 333 2012 naive 2017
B411 F 58 6,690 877 2004 naive 2017
OM5374 M 29 96,125 214 2018 naive 2018
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