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Abstract

In people living with HIV (PLWH) on antiretroviral therapy (ART), HIV latency is the major
barrier to a cure. HIV persists preferentially in CD4™ T cells expressing multiple immune
checkpoint (IC) molecules, including programmed death (PD)-1, T cell immunoglobulin and
mucin-domain containing-3 (TIM-3) and T cell immunoreceptor with Ig and ITIM domains
(TIGIT). We aimed to determine whether these and other IC molecules have a functional role in
maintaining HIV latency and if blocking IC molecules with antibodies reverses HIV latency.
Using an /n vitro model that establishes latency in both non-proliferating and proliferating human
CD4* T cells, we show that proliferating cells express multiple IC molecules at high levels. Latent
infection was enriched in proliferating cells expressing PD-1. In contrast, non-proliferating cells
expressed 1C molecules at significantly lower levels but, latent infection was enriched in cells
expressing PD-1, TIM-3, cytotoxic T lymphocyte-4 (CTLA-4), or B and T lymphocyte attenuator
(BTLA). In the presence of an additional T cell activating stimulus, SEB, antibodies to CTLA-4
and PD-1 reversed HIV latency in proliferating and non-proliferating CD4* T cells respectively. In
the absence of SEB, only the combination of antibodies to PD-1, CTLA-4, TIM-3 and TIGIT
reversed latency. The potency of latency reversal was significantly higher following combination
IC blockade compared to other latency reversing agents, including vorinostat and bryostatin.
Combination IC blockade should be further explored as a strategy to reverse HIV latency.

Introduction

Antiretroviral therapy (ART) has revolutionized the treatment of human immunodeficiency
virus (HIV) infection and has dramatically reduced mortality and morbidity. However, ART
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is lifelong, expensive, and often has side effects so there is an urgent need to identify
strategies to cure HIV or induce “remission” to avoid lifelong treatment [1]. The major
barrier to a cure for HIV infection is the persistence of latent infection in long lived resting
and proliferating CD4" T cells [2-5] that are more frequently detected in lymphoid tissue
and the gastrointestinal tract [6-8]. It is highly likely that the mechanisms maintaining HIV
latency differ in non-proliferating and proliferating T cells, suggesting that multiple
interventions may be needed to eliminate latency.

One approach being tested to eliminate latently infected cells in people living with HIV
(PLWH) on ART is to activate latent virus and thereby induce death of the infected cell
through immune clearance or virus induced cytolysis [9, 10]. To date, clinical trials that have
examined latency reversing agents (LRA), such as histone deacetylase inhibitors (HDACI),
disulfiram or Toll-like receptor (TLR) agonists have shown modest latency reversal but
without clearance of infected cells [11-15]. Furthermore, HDACI have been shown to induce
adverse effects on adaptive immune function /n vitro and have multiple off target effects [11,
16-21]. Therefore, alternative LRAS that are more potent and have a beneficial effect on
adaptive immune function, to enhance immune-mediated clearance of infected cells, are
needed.

Latent infection is enriched in CD4" T cells expressing immune checkpoint (IC) molecules,
first described for programmed death-1 (PD-1) in circulating CD4* T cells in blood [22, 23],
and more recently in T follicular helper cells in lymphoid tissue [7]. In simian
immunodeficiency virus (SIV)-infected macaques on ART, there is also enrichment of virus
in CD4™ T cells expressing cytotoxic T lymphocyte-4 (CTLA-4) and PD-1 in the extra-
follicular and follicular lymphoid compartments, respectively [24]. We previously
demonstrated that co-expression of multiple 1C molecules including PD-1, lymphocyte
activation gene 3 (LAG-3) and T cell immunoreceptor with Ig and ITIM domains (TIGIT)
on CD4* T cells from blood from PLWH on ART were highly enriched for HIV infection
compared to cells that expressed fewer than three IC markers [23].

HIV transcription and virus production is largely dependent on host transcription factors that
increase and localise to the nucleus following T cell activation (reviewed in [1]). Ligation of
IC molecules can actively suppress these pathways [25]. We recently demonstrated that
engagement of PD-1 in vitro inhibits the establishment of HIV latency in resting CD4* T
cells [26] and in latently infected cells isolated from PLWH on ART, programmed death
ligand 1 (PD-L1) can block viral production at the transcriptional level by abrogating T cell
receptor (TCR)-induced HIV reactivation [27]. Conversely, PD-1 blockade with the
monoclonal antibody pembrolizumab in combination with the LRA bryostatin, enhances
HIV production ex vivo without increasing T cell activation [27]. Together these data
suggest that IC molecules alone or in combination can define latently infected cells, and
PD-1 has a functional role in the establishment, maintenance and reversal of HIV latency in
CD4* T cells (reviewed in [28]), in addition to the more global effects anti-PD-1 might have
on antigen specific T cell function.

The administration of antibodies to PD-1, PD-L1 or CTLA-4, either alone or in
combination, are now licensed in many countries for the treatment of malignancy [29], and
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multiple small cases series have demonstrated that the safety of anti-PD-1 and anti-PD-L1 in
PLWH is similar to individuals without HIV infection [30-37]. Antibodies to other IC
molecules such LAG-3 and TIGIT are also now in clinical development and early phase
studies [38].

In a single case report of a person living with HIV on ART with metastatic melanoma, we
demonstrated that the administration of anti-CTLA-4 (ipilimumab) led to a significant
increase in cell associated unspliced HIVV RNA, potentially consistent with latency reversal
[39]. Additionally, in the same person, a single dose of anti-PD-1 (nivolumab) increased
cell-associated HIV RNA in CD4* T cells [26]. Other case reports of anti-PD-1
(pembrolizumab) have not shown a change in cell associated unspliced HIV RNA, although
the timing of sampling blood differed in each of these studies [40]. Finally, repeated dosing
of anti-PD-1 has been associated with a decline in cell associated HIV DNA, potentially
consistent with clearance of infected cells [27, 41]. We therefore hypothesised that IC
molecules provide an attractive target to eliminate latent infection and that administration of
antibodies to multiple 1C molecules in combination, could synergistically reverse inhibitory
signals required to maintain latency, thereby leading to latency reversal.

Materials and Methods

Cells.

The HEK 293T and TZM-bl cell lines cells were grown as a monolayer in Dulbecco’s
minimal essential medium (DMEM, Gibco) supplemented with 10% (v/v) heat-inactivated
fetal calf serum (FCS) (Bovogene, Keilor East, Australia), 100 U/mL penicillin, 100 pg/mL
streptomycin and 292 ug/mL glutamine (Gibco) at 37°C and 5% CO,.

PBMC were isolated by Ficoll-Paque density gradient centrifugation (GE Healthcare,
Chalfont St. Giles, UK) from buffy coats obtained from the Australian Red Cross Blood
Service (Melbourne, Australia). Resting CD4* T cells were negatively selected using
magnetic cell sorting with an in house cocktail of antibodies to CD8 (clone OKT8), CD11b
(OKM1), CD16 (3G8), HLA-DR (2-06), CD19 (FMC63), CD14 (FMC17) and CD69 (L78),
goat-anti-mouse 1gG magnetic beads (Miltenyi Biotech) and the AutoMACS Pro® (Miltenyi
Biotech), as previously described [42-44]. Purity (=96%) was based on CD3* and CD4*
expression with mouse-anti-human(m-a-h)CD3-PE (HIT3a) and m-a-hCD4-FITC (M5E2,
BD Biosciences).

Monocytes were positively selected from PBMC using magnetic cell sorting using CD14
antibodies (FMC17), as previously described [45]. Purity (=98%) was based on CD14"*
expression with m-a-hCD14-FITC (M5E2, BD). Primary cells were cultured in RPMI 1640
medium (Life Technologies) supplemented with 10% (v/v) heat inactivated FCS, 100 U/mL
penicillin, 100 pg/mL streptomycin and 292 ug/mL glutamine (RF10) at 37°C and 5% CO,.

Virus and infection.

Plasmid DNA encoding a NL4.3 backbone with an AD8 envelope and EGFP inserted 1 base
downstream of the env open reading frame [46] followed by an IRES-nef coding sequence,
kindly provided by Yasuko Tsunetsugu-Yokota (National Institute of Infectious Diseases,
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Tokyo, Japan), was transiently transfected into HEK 293T cells with calcium phosphate
precipitation [47]. Virus supernatant was harvested after 2 days, filtered by passage through
a 0.2 um filter, concentrated using 20% sucrose density ultracentrifugation and stored in
aliquots at —80°C. Cells were infected for 2-3 hrs at an MOI of 0.5 as determined by
limiting dilution on TZM-bl using the Reed and Muench method [48], followed by a wash
step to remove unbound virus.

In vitro mono-HIV-latency assay.

Resting CD4" T cells were labelled with proliferation dye eFluor670 (eBiosciences) per the
manufacturer’s instructions. Labelled T cells were cultured with or without syngeneic sorted
monocytes (mo : T cell ratio of 1:10) with 20 ng/mL staphylococcal enterotoxin B (SEB,
Sigma) and 10 U/mL recombinant human (r-h)IL-2 (Roche Diagnostics) for 24 hrs, infected
with full length nef-competent EGFP-reporter virus for 2—3 hrs after which excess virus was
washed away and cells were cultured for 5 days in media supplemented with SEB and 10
U/ml IL-2. Productive infection was determined day 5 post-infection by detecting EGFP*
cells using flow cytometry. Subsequently, the non-productively infected (EGFP™), CD3*,
HLA-DR™ (m-a-hCD3-PB, UCHT1, m-a-hHLA-DR-BV650, G46-6, from BD Biosciences)
non-proliferating (eFluor6701") and proliferating (eFluor670-C) CD4* T cells were sorted
using a FACSAria, MoFlo Astrios or FACSAria Fusion Cell sorters (BD Biosciences). In
some experiments the CD3*HLA-DR™EGFP~ non-proliferating and proliferating cells were
further sorted based on IC expression using m-a-hCD279/PD-1-PE (EH12.1, BD), m-a-
hTIM-3-PE (F38-2E2, BioLegend), m-a-hCD152/CTLA-4-PE (BNI3, BD), m-a-hCD272/
BTLA-PE (MIH26, BioLegend), m-a-hTIGIT-eFluor710 (MBSAA43, eBioscience). In other
experiments, non-proliferating and proliferating T cells were sorted based on the expression
of any of the following molecules: PD-1, TIM-3, CTLA-4 and BTLA. For these
experiments, all 4 PE-conjugated antibodies were added to the cells in combination with m-
a-hCD45RA-V500 (HI100, BD), to exclude CD45RA" from the non-proliferating cell
population prior to IC gating.

To determine latent infection, 100,000 — 200,000 sorted T cells were cultured in a flat
bottom 96 well plate with 200 pL RF10 supplemented with integrase inhibitor L870812
(Merck, White House Station, NJ, USA) or Raltegravir (AIDS Research and Reference
Reagent Program, Division of AIDS, NIAID, NIH; or Selleck Chem), both used at a final
concentration of 1 uM, in the presence (positive control) or absence (negative control) of
activation stimuli composed of 3 pg/mL plate bound m-a-hCD3 (UCHT1, BD Biosciences),
2 ug/mL soluble m-a-hCD28 (L293, BD Biosciences), 50 ng/mL r-hlL-7 (Sigma) and 10
U/mL r-hIL-2. Cells were harvested 72 hrs after stimulation and EGFP expression was
quantified using the FacsCalibur or FacsCanto 11 (BD BioSciences). Results were analysed
using Weasel software (Walter and Elisa Hall Institute, Melbourne, Australia), and to
quantify latent infection the number of EGFP™ cells in the unstimulated culture
(background) was subtracted from the number of EGFP* cells in the stimulated culture. In
some experiments, antibodies blocking immune checkpoint molecules; humanised anti-PD-1
(nivolumab, kind gift from Bristol Myers Squibb, New York, NY), humanised anti-CTLA-4
(ipilimumab, kind gift from Bristol Myers Squibb), m-a-hTIM-3 (clone F38-2E2,
BioLegend), m-a-hTIGIT (clone MBSAA43, eBiosciences), or isotype controls; higG4 (clone
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ET904, BioLegend), hlgG1 (clone ET901, BioLegend), migG1 (clone MOPC-21,
BiolLegend), were added to activate latent infection. For these experiments 10 pg/mL of IC
blocker or isotype control was added to sorted cells with back-added thawed syngeneic
monocytes (T:mo ratio of 10:1) in the presence or absence of SEB and with the standard
activation stimuli in a parallel culture (positive control) for 72 hrs. When multiple ICB were
added, equal amounts of the appropriate isotype control antibody were added to the control
culture.

To calculate the I1C blocker-induced latency reversal expressed as a percentage of maximal
stimulation with anti-CD3/CD28+IL-7+1L-2, the number of EGFP* cells in the unstimulated
culture was subtracted from the number of EGFP™ cells in the anti-CD3/CD28 stimulated
culture and this was set at 100% (maximal stimulation). To calculate the effect of IC
blocker-induced reversing latency, the number of EGFP™ cells in the unstimulated control
was subtracted from the number of EGFP* cells in the IC blocker treated culture and
expressed as a percentage of maximal stimulation.

In other experiments LRAs romidepsin (FK288, depsipeptide, 1 or 0.1 nM, Selleck Chem),
JQ1 (1 or 0.1 uM, Selleck Chem) bryostatin (10 or 1 nM, Sigma Aldrich) PMA-+ionomycin
(2 nM and 0.5 uM respectively, both from Sigma Aldrich), or DMSO (as reconstitution
solvent control, Sigma Aldrich) were added to sorted cells with the standard activation
stimuli in a parallel culture (positive control) for 72 hrs.

Flow cytometry.

In all experiments live and single cells were gated using forward and side scatter plots. IC
ligand expression on mDC and monocytes was determined on CD3"HLA-DR™ cells using
m-a-hCD3-PB (UCHTL1, BD), m-a-hHLA-DR-PerCP (L243, BD), m-a-hCD274/PD-L1-PE
(MIHI, BD), m-a-hCD273/PD-L2-PE (MIH18, BD), m-a-hCD80-PE (L307.4, BD), m-a-
hCD86-PE (2331, BD), m-a-hCD275/ICOSLigand-PE (2D3/B7-H2, BD), m-a-hGal9-PE
(9M1-3, BioLegend), m-a-hCD112/Nectin-2/PVRL-2-PE (TX31, BioLegend), m-a-
hCD155/PVR-PE (TX24, BioLegend), m-a-hCD270/HVEM-PE (eBioHVEM-122,
eBiosciences) or mlgG2a-PE isotype control (MOPC-173, BioLegend).

Single IC expression on T cells was determined by gating on CD3*HLA-DR™EGFP~ cells,
which were subsequently separated into eFluor670H! (non-proliferating) and eFluor670-©
(proliferating) populations using m-a-hCD3-PB (UCHT1, BD), m-a-hHLA-DR-PE-TexR
(TU36, BD), m-a-hCD279/PD-1-PE (EH12.1, BD), m-a-hTIM-3-PE (F38-2E2,
BioLegend), m-a-hCD152/CTLA-4-PE (BNI3, BD), m-a-hCD272/BTLA-PE (MIH26,
BioLegend), m-a-hTIGIT-eFluor710 (MBSAA43, eBioscience), mlgG2a-PE isotype control
(MOPC-173, BioLegend) or mlgG1-eFluor710 isotype control (P36281, eBiosciences).

Co-expression of PD-1, TIM-3 and TIGIT on CD3*HLA-DR"EGFP~ non-proliferating and
proliferating cells was done using m-a-hCD3-PB, m-a-hHLA-DR-PE-TexR or m-a-hHLA-
DR-BV650 (G46-6, BD), m-a-hCD279/PD-1-PE, m-a-hTIM-3-PE-Cy7 (F38-2E2,
BioLegend), m-a-hTIGIT-eFluor710, mIgG1-PE isotype control (MOPC-21, BD), mlgG1-
PE-Cy7 isotype control (MOPC-21, BioLegend) and mlgG1-eFluor710 isotype control.
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Co-expression of PD-1, CTLA-4, TIM-3 and TIGIT on CD3*HLA-DR™EGFP~ non-
proliferating and proliferating cells was done using m-a-hCD3-BV711 (UCHTL1, BD), m-a-
hHLA-DR-BV650, m-a-hCD279/PD-1-BV421 (EH12.1, BD), m-a-hCD152/CTLA-4-PE,
m-a-hTIM-3-PE-Cy7 and m-a-hTIGIT-eFluor710.

Percentage positive cells was calculated by subtracting FMO or isotype control values.

Ethics approval.

The use of blood samples from HIV negative donors for this study was approved by the
Human Research and Ethics Committees from the Alfred Hospital (HREC156/11), Monash
University (CF11/1888) and the University of Melbourne (1443071). Donors were recruited
by the Red Cross Blood Transfusion Service and all provided written informed consent for
the use of their blood products for the research.

Statistical analysis.

Results

Differences between experimental conditions were analysed using Wilcoxon matched pairs
signed rank test (n > 5) or paired student T-test (n < 5) on GraphPad Prism (Version 6). P-
values <0.05 were considered significant.

1] IC molecules and ligands are highly expressed on proliferating CD4* T cells following
co-culture with monocytes.

To study the role of IC molecules in HIV latency, we first assessed the expression of
multiple 1C molecules; PD-1, CTLA-4, TIGIT, T cell immunoglobulin and mucin-domain
containing-3 (TIM-3) and B and T lymphocyte attenuator (BTLA), and their ligands in an /in
vitro model of latency [44, 45]. The model involves co-culture of resting CD4* T cells with
monocytes in the presence of staphylococcal enterotoxin B (SEB), which are known to
express high levels of IC ligands, followed by HIV infection with an EGFP expressing virus
[49] and separation of proliferating and non-proliferating T cells based on expression of the
proliferation dye eFluor670 [50] (Figure 1A). IC molecule expression was determined on T
cells before infection and day 1 to 4 post infection and co-culture. Monocytes were excluded
from the analysis by gating for CD3*HLA-DR™ cells and IC molecule expression was
measured by flow cytometry on the non-productively infected (EGFP™), non-proliferating
(eFLuorH" and proliferating (eFLuor©) T cells (Figure 1B-G) and the percentage of cells
expressing IC markers was calculated over the 4 days (Figure 1H) and the 3 days post-
infection data are summarised in figure 11. In the non-proliferating T cell population, the
mean percentage of T cells expressing PD-1, TIM-3, BTLA and TIGIT all significantly
increased but there was no change in expression of CTLA-4 (Figure 11). In the proliferating
T cells, the increase in expression of all IC molecules was substantial with up to 30-40% of
cells expressing at least one IC molecule (Figure 11).

Next, we determined whether the cultured monocytes expressed ligands for IC molecules
including Program Death (PD) Ligand (L) 1 (PD-L1) and PD-L2 (ligands for PD-1),
Galectin 9 (Gal9, ligand for TIM-3), herpes virus entry mediator (HVEM, ligand for BTLA),
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CD80 and CD86 (ligands for CTLA-4), poliovirus receptor (PVR) and poliovirus receptor-
like 2 (PVRL2, ligands for TIGIT). The same approach was used as described in Figure 1A,
except this time we measured the expression of the IC ligands one day following infection
and T cells were excluded from the analysis by gating for CD3"HLA-DR™ cells (Figure 2A).
IC ligand expression was compared to fluorescent minus one (FMO) or isotype control
(Figure 2B) and the percentage of cells expressing the IC ligands was calculated (Figure
2C). Monocytes expressed all IC ligands tested but there was a lower frequency of cells
expressing PD-L1, PD-L2, CD80 and PVVR compared to the other ligands (Figure 2C). There
were no differences in IC ligand expression in the presence and absence of HIV (Figure 2C).

2] HIV latency is enriched in T cells expressing multiple IC molecules in non-proliferating
and proliferating CD4* T cells.

CD4* T cells from PLWH on ART that express PD-1 [22] or multiple IC molecules are
enriched for HIV DNA [23]. We first confirmed whether these findings could be reproduced
in our /n vitro model of HIV latency. T cells were cultured with syngeneic monocytes in the
presence of SEB and infected with the EGFP-reporter virus. On day 5 post-infection, EGFP~
non-productively infected cells (i.e. potentially latently infected) in non-proliferating and
proliferating T cell populations were sorted based on high and low eFluor670 expression,
respectively. These two populations were then sorted on the basis of IC molecule expression
(Figure S1) and inducible latent virus was quantified, as previously described [44, 45]
(Figure 3A). Briefly, sorted cells were activated with anti-CD3/anti-CD28+IL-7+IL-2 in the
presence of raltegravir (an HIV integrase inhibitor) to prevent subsequent rounds of
infection. An increase in EGFP expression following stimulation was consistent with an
increase in the frequency of latently infected cells [44]. Post integration latency was
significantly enriched in non-proliferating T cells expressing high levels of PD-1, TIM-3,
CTLA-4 or BTLA but not TIGIT, when compared to cells that did not express these IC
molecules (p=0.01, 0.03, 0.01, 0.03 and 0.24 respectively) (Figure 3B and Table 1). In
proliferating T cells, post integration latency was significantly enriched in PD-1H! compared
to PD-110 cells (p=0.04, Figure 3B). No enrichment for HIV-infected cells in IC expressing
cells was detected when assessed for all other IC molecules (Figure 3B).

To determine whether co-expression of IC molecules resulted in a greater enrichment of
HIV within our model, we performed the same experiments as described above but sorting
cells that expressed any combination of PD-1, TIM-3, CTLA-4 and BTLA or none of these.
Post integration latency was significantly enriched in both non-proliferating (mean fold
change (MFC)=42; p=0.03) and proliferating (MFC= 48; p=0.03) T cells expressing one or
more of the IC molecules, as compared to cells that expressed none of the IC molecules
(Figure 3B and Table 1). However, for both non-proliferating and proliferating T cells,
latency was still detected in the cells expressing low/none of the IC molecules. Finally, we
observed no statistically significant correlations when comparing the frequency of 1C
expressing cells and the frequency of latent infection in either the non-proliferating or
proliferating T cells (Figure S2). BTLA was excluded from these last experiments as there is
currently no blocking antibody available and we aimed to investigate IC that have blocking
antibodies available or in development for clinical use. Taken together these data
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demonstrate enrichment of latent HIV infection in proliferating and non-proliferating cells
expressing multiple IC molecules alone or in combination.

3] Co-expression of multiple IC molecules is more frequent on proliferating CD4* T cells.

Given that different cells can express one or more IC molecules, we next defined co-
expression of IC molecules on T cells in this /n vitro model for HIV latency. We first
assessed the co-expression of PD-1, TIM-3 and TIGIT, as some of these IC molecules have
been shown to be expressed on cells enriched for HIV using CD4* T cells from PLWH on
ART [23] and we had previously shown that PD-1 and TIM-3 were important in the
establishment of latency [26]. Resting CD4* T cells were co-cultured with monocytes and
analysed for IC expression by flow cytometry. The percentage of cells positive for one IC
(i.e. PD-1 or TIM-3 or TIGIT), two IC or three IC in combination was calculated (Figure
4A). Three days post infection, non-proliferating cells more frequently expressed a single IC
than any combination of two IC (p<0.001, n=4, compared to single IC) or three IC (p<0.001,
n=4, compared to single IC) (Figure 4B). Concomitant expression of two or three 1C was far
more common on proliferating than on non-proliferating cells. No statistically significant
difference was observed in the frequency of cells expressing a single IC between non-
proliferating and proliferating T cells. On day 3 post infection at the peak of IC expression,
compared to non-proliferating T cells, proliferating T cells expressed two and three IC more
frequently (p=0.0017 and 0.002, respectively for both) (Figure 4B). Overall, these results
show that non-proliferating T cells more often express a single IC molecule while
proliferating T cells more commonly co-express two or more IC molecules. These results
were similar in the presence and absence of HIV infection (data not shown).

Given the availability of anti-CTLA-4 in the clinic for management of melanoma [51], we
also examined the co-expression of the same three IC together with CTLA-4. Proportions of
cells expressing CTLA-4 was less frequent compared to the other IC molecules; i.e. PD-1
and TIGIT on non-proliferating and PD-1 and TIM-3 on proliferating T cells (Figure 4C).
Again we found that there was more frequent expression of IC molecules in proliferating
cells compared to non-proliferating cells, (expression of more than one IC was found in 46
and 7% and a single 1C molecule in 33 and 15% of cells, respectively) (Figure 4C-E). Co-
expression of all four IC molecules was the rarest population within either proliferating and
non-proliferating cells (Figure 4E). Collectively, this data shows that the distribution of
PD-1, CTLA-4, TIM-3 and TIGIT, expressed individually and in combination, differs
between non-proliferating and proliferating T cells and that expression of more than one IC
molecule was more frequent in proliferating T cells.

4] PD-1 blockade reverses latent HIV but only in the presence of SEB or other IC blockers.

To examine whether blocking IC, either alone or in combination, can reverse HIV latency /in
vitro, resting CD4* T cells were co-cultured with monocytes in the presence of SEB and
sorted into EGFP™ non-proliferating and proliferating populations, as described above. IC
blockers were added to the sorted cells in the presence of raltegravir and T20 (an integrase
and fusion inhibitor respectively). As we exclude HLA-DR* T cells during the sort on d5
post infection and select for CD3* cells, the monocytes were excluded from the sorted
population. Therefore, for the IC ligand to be present in the blocking experiment, syngeneic
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monocytes were added back to the cultures post sort (Figure 5A). Additionally, sorted cells
were cultured, in the absence of monocytes, with anti-CD3/CD28+IL-7+IL-2, to induce
maximal HIV production and to which all conditions were compared.

The effect of anti-PD-1 (nivolumab) and anti-CTLA-4 (ipilimumab) were tested alone or in
combination, as well as in combination with commercially available antibodies to TIM-3
and TIGIT. BTLA was not further examined as blocking agents are currently unavailable.
Effects of IC blockers were assessed in the presence or absence of staphylococcal
enterotoxin B (SEB). SEB is a super antigen that will drive proliferation in a subset of cells
that express a specific Vb repertoire [52]. We assumed that SEB will drive proliferation of
both uninfected and latently infected cells in this model. Latency reversal was quantified by
measuring the increase in absolute number of cells that express EGFP following stimulation
(Figure S3A) or as a proportion of maximal stimulation with anti-CD3/CD28+IL-7+IL-2
(Figure 5B). The mean(range) of EGFP™* cells in the untreated control was 10.8(8.4—
17.1)/10* cells and this increased to 25.9(12.0-37.2)/10* cells following stimulation of the
sorted non-proliferation T cells using a maximal stimulus (Figure S3A). For the sorted
proliferating T cells, the number of EGFP+ cells increased from 22.3(3.5-47.5) /104 to
46.2(25.6-73.3) /10* using anti-CD3/CD28+IL-7+IL-2 (Figure S3B).

In non-proliferating CD4* T cells, there was an increase in the number of EGFP* cells
following addition of anti-CD3/CD28+IL-7+IL-2 as expected (mean fold change, MFC 2.5;
p=0.031; n=6) (Figure S3A), although there was quite considerable variation in inducible
EGFP expression between donors. In the absence of SEB, a significant increase in EGFP*
cells was only observed when all four IC blockers were added (p=0.03; Figure 5B; Figure
S3A). In the presence of SEB, the number of EGFP* cells increased with anti-PD-1 alone
(p=0.031) and in combination with anti-CTLA-4 (p=0.031) but not with anti-CTLA-4 alone
(p=0.22) consistent with only anti-PD-1 inducing latency reversal. The addition of
antibodies to TIM-3 (p=0.16) and TIGIT (p=0.22) had no further effect in enhancing EGFP
expression (Figure 5B).

In the proliferating T cells, there was an increase in EGFP* cells following the addition of
anti-CD3/CD28+IL-7+IL-2 addition as expected (MFC 3.38; p=0.031; n=6) (Figure S3B).
In the absence of SEB, the results were similar to the non-proliferating cells with an increase
in EGFP only observed following the addition of all four IC blockers. In the presence of
SEB, we observed that only anti-CTLA-4 induced a modest increase in the number of EGFP
* cells (p=0.031) (Figure S3B and Figure 5C). Interestingly, there was a decrease in the
number of EGFP* cells in the presence of anti-PD-1 (MFC 0.83; p=0.031) which was not
related to a decrease in cell viability (data not shown).

To understand what factors might be associated with efficient latency reversal, we assessed
whether there was a correlation between the induction of EGFP expression and the degree of
T cell proliferation, as measured by an increase in the proportion of eFluor670-0 cells for
the non-proliferating cell cultures, or a decrease in eFluor670 mean fluorescent intensity
(MF1) in the proliferating cells given the dye is diluted with each cell division. Following the
addition of the 1C blocker, no relationship was observed between cell proliferation and
induction of EGFP expression (data not shown).
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In summary, these data suggest that latency reversal could be achieved in both non-
proliferating and proliferating latently infected cells when multiple IC blockers were used in
combination without SEB. The degree of latency reversal was high; approaching 45% of
what was achieved with maximal stimulation. In the presence of SEB, we found that latency
reversal was possible using a single IC blocker in non-proliferating latently infected cells
(using anti-PD-1) and in proliferating cells (using anti-CTLA-4) (Table 2). These data
suggest that the use of a single IC blocker is unlikely to sufficiently activate latent infection
in either proliferating or non-proliferating cells and an additional stimulus is required.

5] Substantially lower potency of latency reversal with commonly used LRAs compared to

IC blockade.

To investigate the relative potency of 1C blockade for latency reversal compared to other
LRAs that have been shown to reverse latent HIV, we next assessed commonly used LRAs
in the same in vitro model in separate experiments (Figure 6A). We tested three different
classes of LRAS; the HDACi romidepsin, the bromodomain inhibitor JQ1, and an activator
of protein kinase C (PKC) bryostatin. Of note, lower doses of romidepsin were used for
these continuous 3-day reactivation cell cultures to avoid the toxic effects of high 40nM
romidepsin observed in continuous T cell cultures elsewhere (data not shown). As positive
controls, we included anti-CD3/CD28+IL-7+IL-2 and the combination of phorbol 12-
myristrate 13-acetate (PMA) and ionomycin that mimic T cell activation, activating the
transcription factors nuclear factor kappa-light-chain-enhancer of activated B cells (NF-xB)
and nuclear factor of activated T cells (NFAT) to initiate HIV transcription [53]. Of the
LRAs tested, only bryostatin led to a statistically significant increase in the frequency of
EGFP* cells in both non-proliferating and proliferating latently infected cells, reaching 65
and 43% of maximal stimulation induced by anti-CD3/CD28+IL-7+IL2 (Figure 6, Figure
S3A and Table 2). In this model of latency, we demonstrate that IC blockade in combination,
or using SEB with either anti-PD-1 or anti-CTLA-4 was more potent than commonly used
LRAs such as romidepsin (tested at continuous low doses) or JQ1.

Discussion

In PLWH on ART, HIV persists preferentially in CD4* T cells expressing multiple immune
checkpoint (IC) molecules in particular PD-1 [7, 22, 23]. To determine the role of multiple
IC molecules and blockers in the maintenance and reversal of HIV latency, we used an /n
vitro model that can establish latency in both non-proliferating and proliferating T cells [44,
45, 50]. These two populations of latently infected cells can not be distinguished when
evaluating CD4™ T cells ex vivo from PLWH on ART. We found HIV latency to be enriched
in non-proliferating and proliferating T cells expressing IC molecules and the enrichment
was greater in non-proliferating cells that expressed multiple IC molecules. Using multiple
IC blockers that are licensed for the treatment of malignancy (anti-PD-1 and anti-CTLA-4)
and in pre-clinical development (anti-TIM-3 and anti-TIGIT), we demonstrated that reversal
of HIV latency was possible with a single IC antibody in combination with a T cell
activation stimulus (here SEB), or with a combination of multiple antibodies to IC molecules
without another stimulus. In this latency model, the potency of 1C blockade in reversing
latency was comparable to reversing HIV latency with the PKC activator bryostatin and
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greater than commonly used LRASs such as the HDACIi romidepsin (used at low dose) or the
bromodomain inhibitor JQ1. Given the additional potential beneficial effects of IC blockade
in enhancing the function of HIV-specific CD4* and CD8* T cells [54, 55], IC blockade is
an attractive option to move forward into clinical evaluation as both a potential LRA and as a
strategy to boost HIV-specific T cell function.

Using an /n vitro model of HIV latency, latent infection was found to be enriched in non-
proliferating CD4* T cells expressing PD-1, TIM-3, CTLA-4 or BTLA but in proliferating T
cells, this enrichment was only found in T cells expressing PD-1. IC molecules were
expressed at high levels but were often co-expressed on proliferating T cells, whereas non-
proliferating T cells more commonly expressed a single IC molecule. The mechanisms
behind the need for multiple 1C blockers to reverse latent infection in non-proliferating and
proliferating cells may be different. For the non-proliferating cells, multiple 1C blockers may
be required to target different cells that express a single IC molecule, while for the
proliferating cells, multiple IC blockers are needed due to the high frequency of co-
expression of different types of 1Cs on the same cell.

Blocking IC molecules inhibits the negative signalling in the T cell activation process,
effectively releasing the breaks on T cell activation. TCR and super-antigen signalling
induce multiple transcription factors to become active and/or translocate to the nucleus
leading to induction of HIV transcription and virus production [56, 57], amongst many other
changes in the host cell. These host transcription factors predominantly include NF-xB,
NFAT, specificity protein 1 (SP-1) and activator protein 1 (AP-1) (reviewed in [58]). We
recently showed that PD-1 signalling prevents activation of the positive transcription
elongation factor b (P-TEFb), a master regulator of HIV transcription, through inhibition of
TCR-induced CDK9 phosphorylation and cyclin T1 expression [27]. Whether these or other
pathways are important for latency reversal following combination IC blockade remains to
be determined.

In our /n vitro model, we found that a single 1C blocker could reverse latency but only in the
presence of SEB (see Figure 5). Furthermore, anti-PD-1 was the only antibody that could
reverse latency in non-proliferating T cells, whilst only anti-CTLA-4 reversed latency in
proliferating T cells. The lack of activity of anti-CTLA-4 in non-proliferating cells may be a
result of the low expression of CTLA-4 on these cells (see Figure 1H). This is expected
because CTLA-4 is upregulated on cells following T cell receptor (TCR) priming [59] and
these cells had not undergone proliferation in response to the super antigen SEB. In contrast,
the proliferating T cells expressed high levels of CTLA-4 (see Figure 1H), as expected
following stimulation with a super-antigen or TCR-mediated stimulation. Similarly, the
failure of anti-PD-1 to reverse HIV latency in proliferating cells when used on its own,
would be a major limitation as an LRA. Although administration of the combination of anti-
PD-1 and anti-CTLA-4 is now recommended in the management of some malignancies,
toxicity was significantly increased [29]. An increase in toxicity would significantly limit the
use of combination IC blockade as an HIV cure intervention, given that PLWH now have a
near normal life expectancy on long term ART.
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Blocking immune checkpoint molecules can also induce T cell proliferation. It is therefore
feasible that driving T cell proliferation could increase the number of latently infected cells
in vivo, which would not be desirable. In our in vitro model, we observed enhanced T cell
proliferation upon IC blockade when combined with super-antigen SEB, as expected, but no
correlation was observed between the degree of proliferation and reversal of latency (data
not shown). In our model, we did not directly measure the number of latently infected cells,
but rather the number of cells with inducible virus. It is certainly possible that the cultures
also contain cells infected with intact virus which don’t respond to stimulation. This has
been well described in CD4* T cells from PLWH on ART and referred to as non-induced
intact proviruses [60]. Further work is needed to also measure the total number of infected
cells prior to and following IC blockade to exclude the possibility of proliferation of infected
cells that contain non-induced intact provirus.

There were several limitations to this study. First, we used an /n vitro model to probe the
effects of different IC molecules. These results need confirmation using CD4* T cells from
PLWH on ART ex vivo and/or in vivo administration of an ICB antibody. We are currently
studying changes in cell associated HIV RNA and plasma HIVV RNA in the context of
clinical trials of anti-PD-1 and anti-CTLA-4 in PLWH with cancer (clinicaltrials.gov
NCT02408861). Despite this limitation, our model has several advantages including; i) the
ability to separate proliferating and non-proliferating latently infected cells, which is
currently not possible with cells from PLWH; ii) the measurement of inducible virus rather
than cell associated RNA, which allows quantification of the number of infected cells that
undergo latency reversal; and iii) the incorporation of a super-antigen to drive proliferation.
A second limitation of this study is that we did not assess every possible combination of two
or three IC blockers. Instead, we focused on the clinically relevant combination of anti-PD-1
and anti-CTLA-4 and added other IC blockers (TIM-3, TIGIT) to this well-established
clinically tested combination. A third limitation is that the use of SEB is not a physiological
stimulus but can mimic an antigen specific response. Other co-stimuli should be further
evaluated. A fourth limitation of our study is that we did not evaluate the role of LAG-3
because we were unable to detect an increase in LAG-3 expression upon co-culturing the
CD4* T cells with monocytes. Furthermore, we did not have access to a clinically relevant
anti-LAG3 antibody to test in vitro. Finally, we only quantified inducible EGFP expression
as a marker of latency reversal. Other proximal markers such as cell associated unspliced
and multiply spliced RNA were not quantified, however, given there are blocks in
transcriptional elongation and splicing described in resting CD4* T cells [61] and that
protein expression will be required for either immune mediated clearance or virus induced
cytolysis, we felt that quantification of protein expression would be most informative.

In conclusion, using an /77 vitro model that can establish latency in both non-proliferating
and proliferating T cells, we show that antibodies blocking signalling of specific IC
molecules could reverse HIV latency in both proliferating and non-proliferating T cells, but
this was only achieved in the presence of an additional T cell activating stimulus or when
four antibodies were used in combination. Given that SEB is not a physiological stimulus
and not feasible to deliver in vivo [62], further studies are needed to identify alternative
secondary stimulus to replace SEB. One approach could be therapeutic vaccination for HIV
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[63] which could drive T cell proliferation but also enhance the generation of antigen-
specific T cells, as recently demonstrated in the setting of cancer [64]. Alternatively, the
PKC agonist bryostatin, or a related compound [65], might be a complimentary stimulus
given that bryostatin appears to be safe in vivo [66], induces T cell activation and acts as an
LRA alone [53] or in combination with anti-PD-1 [27]. The administration of a combination
of 1C blockers should be further explored as a path to HIV remission off ART.
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Key points
Blocking CTLA-4 or PD-1 combined with T cell activation reverses HIV latency

Without T cell activation, blocking multiple immune checkpoints reverses latency
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Figure 1. Expression of IC molecules on non-proliferating and proliferating CD4* T cells co-
cultured with monocytes.

A: Schematic representation of the experimental set-up. Resting CD4* T cells, isolated from
PBMC of HIV-uninfected individuals, were co-cultured with syngeneic monocytes in the
presence of SEB and infected with full length nef competent CCR5-tropic EGFP-reporter
HIV. B: Cells were harvested for flow cytometry analysis and single cells were selected by
assessment of forward scatter (FSC) and side scatter (SSC). T cells were identified by gating
for CD3*HLA-DR™ cells, and then gated for EGFP~, eFluor670H! (non-proliferating) and
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eFluor670L9 (proliferating) T cells. Representative dot-plots showing gating strategy for C:
PD-1, D: TIM-3, E: CTLA-4, F: BTLA and G: TIGIT. All dot-plots shown were from 3
days post-infection. H: Percentage of cells expressing PD-1 (n=4), TIM-3 (n=8), CTLA-4
(n=3), BTLA (n=5) and TIGIT (n=9) on EGFP~ non-proliferating (left) and proliferating
(right) T cells cultured alone (black circles) or with syngeneic monocytes (grey squares) was
assessed by flow cytometry. Data points represent mean values £SEM. Open circles indicate
that fewer donors were used for the analysis of IC marker expression on proliferating T
cells, as some donors did not have sufficient (>50,000 cells) proliferating T cells at that time
point for analysis. I: The percentage of cells expressing PD-1, TIM-3, CTLA-4, BTLA and
TIGIT 3 days post infection, on T cells cultured alone (grey bars) or co-cultured with
syngeneic monocytes (blue bars). Data points represent mean £SEM. Individual donor
results are shown as black symbols. *p<0.05, **p<0.01, as determined by Student’s T test
(n<5) or Wilcoxon matched pairs signed rank test (n>5).
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Figure 2. Expression of | C molecule ligands on monocytes.
Expression of IC marker ligands on monocytes. Cells were cultured as described in Figure

1A, except IC ligands were measured one day following infection. A: Single cells were
selected by side scatter (SSC) and forward scatter (FSC) and monocytes were defined by
gating for CD3"HLA-DR* cells. B: Representative dot-plots showing gating strategy for
PD-L1, PD-L2, Gal9, HVEM, CD80, CD86, PVR and PVRL2. All dot-plots show samples
at one day post infection and are compared to fluorescent minus one (FMQO) control (ctrl)
except the dot-plot for PVR which represents a baseline sample compared to isotype (iso)
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control. C: Percentage of monocytes expressing ligands for IC markers in the presence
(blue) and absence (gray) of HIV, as determined by flow cytometry. Columns represent
mean values (n=3-5) and each symbol represents individual donors. **p<0.01, as
determined by Student’s T test.
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Figure 3. HIV latency isenriched in cells expressing high levels of |C moleculesin non-
proliferating and proliferating CD4* T cells.

A: Resting CD4* T cells were cultured with syngeneic monocytes in the presence of SEB
and infected with EGFP-reporter virus. At day 5 post-infection CD3*HLA-DR™ EGFP~ (not
productively infected), eFluor670H! (non-proliferating) and eFluor670-C (proliferating) T
cells were further sorted based on IC molecule expression into low/negative (=) and high (+)
expressing populations compared to FMO controls (see also Figure S1) or the expression of
PD-1+CTLA-4+TIM-3+BTLA (multiple ICM) or none of these molecules. Sorted cells
were cultured in the presence of the integrase inhibitor raltegravir (RAL) with and without
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anti-CD3/CD28+IL-7+IL-2. B: On day 8, EGFP™ cells were measured by flow cytometry
and latent infection was calculated by subtracting the number of EGFP* cells in the
untreated culture from the number of EGFP™ cells in the stimulated culture. Red lines
indicate median values and dots represent individual donors (n=4-6). *p<0.05, **p<0.01, as
determined by Student’s T test (n<5) or Wilcoxon matched pairs signed rank test (n>5).
MFC denotes the median fold change between the samples with and without I1C expression.

J Immunol. Author manuscript; available in PMC 2020 July 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Van der Sluis et al. Page 26

A Non-proliferating Proliferating B Non-proliferating
99 = q1C b 7.52%
30 mm 2IC 304 ok 2 40%
2 20 -G 204 = Ili == (.58%
e 10 xx 10l A 89.50%
£ 10 T |
g 2] i Proliferating
2 5 L 54 26.00%
* * *
" == 20.91%
- o,
0 1 2 3 4 — 6'96”:
Days post infection Za 46.14%
Cc Non-proliferating T cells
0lIC 11C 21 3IC 41C
100
?512“
0 50
810 e 0 *®
(]
-
58 . +
&
=

8 ° s
Q0

PD1 - + = - .- + + + 5 = 3 + + + = +
CTLA4 - o + - - + - - + + - + + 5 + +
M3 - - - + - - + - + - + + - + + +
TIET + + + + + + + +
D Proliferating T cells
gL 01 11C 21C 3IC 41C
404 .

% Positive cells
%]
(=]
Il
L ]
b
[ ]

G L) I L] I
PD-1 + = e + + . +
CTLA4 - - b - - + - - + + a + + - + +
TIM-3 + - + - + + + + + +
nar - E = = th - + + + + + + +
E Non-proliferating T cells Proliferating T cells
11C 15.40% 11C 33.01%
== 2|C 583% == 2|C 26.89%
== 3|C 0.95% == 3|C 14.53%
m= 41C 0.12% == 4C 4.41%
0I1C 77.70% 0I1C 21.16%

Figure 4. Co-expression of multiple |C moleculesis more frequent on proliferating CD4™ T cells.
A: Co-expression of IC molecules PD-1, TIM-3 and TIGIT on T cells was determined in

CD3*HLA-DR™EGFP~ non-proliferating (left) and proliferating (right) T cells cultured with
syngeneic monocytes by flow cytometry at the day of infection (d0), and on each day post
infection (d1-d4), compared to isotype control. The cells are grouped to show the
distribution of cells expressing none IC (grey), one IC (yellow), any combination of two IC
(blue) or all three IC (red). Data points represent the mean of 4 donors +SEM. B: Pie chart
showing the distribution of IC molecule expression on non-proliferating (top) and
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proliferating (bottom) T cells on day 3 post infection. Co-expression of IC molecules PD-1,
CTLA-4, TIM-3 and TIGIT on T cells was determined in CD3*HLA-DR™EGFP~ non-
proliferating (C) and proliferating (D) T cells cultured with syngeneic monocytes by flow
cytometry at day 5 post infection, compared to isotype control. Black lines indicate mean
values of 6 donors £SEM and equal colours represent equal donors across the panels. E: Pie
chart showing the distribution of IC expression on non-proliferating (left) and proliferating
(right) T cells day 5 post infection. The cells are grouped to show the distribution of cells
expressing none 1C (grey), one IC (yellow), any combination of two IC (blue), any
combination of three IC (red) or four IC (green).
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A: Schematic representation of experimental set up to test if IC blockers can reverse HIV

latency /n vitro. Resting CD4™ T cells were cultured with syngeneic monocytes in the

presence of SEB and infected with EGFP-reporter virus. At day 5 post infection, CD3*HLA-
DR™EGFP~ eFluor670H! (non-proliferating) and eFluor670-C (proliferating) T cells were

sorted, cultured with integrase inhibitor (raltegravir), fusion inhibitor (T20) and left

untreated or cultured with anti-CD3/CD28+IL-7+IL-2 (negative and positive control), or co-
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cultured with add-back syngeneic monocytes (mo) with the IC blocker, or combinations
thereof, or isotype controls in the absence or presence of SEB. The cells were harvested 3
days post sort (day 8 post infection) and the number of EGFP™ cells was determined by flow
cytometry (see also Figure S3A). Latency reversal following IC blockade is shown as a
percentage of maximal anti-CD3/CD28+IL-7+IL-2 stimulation in non-proliferating (B) or
proliferating (C) T cells. To calculate the percentage, the number of EGFP™ cells in
unstimulated (mock) condition was subtracted from the number of EGFP* cells following a
maximal stimulus or stimulus from the IC blocker. Black lines indicate mean values of 6
donors £SEM and equal colours represent equal donors across the panels. *p<0.05, as
Wilcoxon matched pairs signed rank test determined using the number of EGFP* cells
(shown in Figure S3A-B) in the presence of the IC blocker compared to the corresponding
isotype control.
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Figure 6. Potency of commonly used LRAsin thisin vitro model.
To determine the relative potency of latency reversal by commonly used LRASs in the same

in vitro model as with 1C blockade (Fig 5), cells were cultured as described in figure 5A
with the exception that after day 5, monocytes were not added back to the sorted cells. Cells
were then cultured with different LRAS, in the presence of an integrase inhibitor. The cells
were harvested 3 days post addition of an LRA (day 8 post infection) and the number of
EGFP* cells was determined by flow cytometry (see also Figure S3C-D). EGFP expression
following stimulation with an LRA is shown as a percentage of the maximal stimulation by
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anti-CD3/CD28+IL-7+IL-2 (set at 100%) in non-proliferating (A) and proliferating (B)
CD4* T cells. Black lines indicate mean values of 5 donors =SEM and equal colours
represent equal donors across the panels. **p<0.01 as determined by Student’s T test. Romi
= romidepsin, bryo = bryostatin, iono = ionomycin.
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Table 1.

Enrichment of HIV in cells expressing immune checkpoint molecules.

Mean fold enrichment of HIV with expression of IC
Non-proliferating | Proliferating
PD-1 48.0 2.8
TIM-3 4.6 14
CTLA-4 4.9 0.7
BTLA 16.4 1.6
TIGIT 2.6 0.6
PD-1+ TIM-3 + CTLA-4 + BTLA 42.0 6.5

Mean fold change enrichment of HIV in cells that express immune checkpoint (IC) molecules, alone or in combination, compared to no expression
of ICs. Cells were sorted following /n vitro infection as described in figure 2. Similar experiments were performed for non-proliferating and
proliferating T cells. A grey box indicates a significant increase of latent HIV in cells expressing high levels of IC molecules compared to cells
expressing low to no IC molecules, defined as p<0.05 using a Student’s T test (n<5) or Wilcoxon matched pairs signed rank test (n>5).

J Immunol. Author manuscript; available in PMC 2020 July 12.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Van der Sluis et al.

HIV latency reversal induced by immune checkpoint blockade or latency reversing agents in vitro.

Table 2.

Immune checkpoint blockers

Non-proliferating Proliferating

NoSEB | +SEB | NoSEB | + SEB
aPD-1 234 63.3 315 224
Isot ctrl aPD-1 253 33.8 39.6 43.2
aCTLA-4 38.6 66.3 39.3 53.2
Isot ctrl aCTLA-4 27.0 52.3 47.8 37.1
aPD-1+aCTLA-4 33.2 75.2 429 34.2
Isot ctrl 2 ICB 21.6 39.4 41.9 37.2
aPD-1+aCTLA-4 +aTIM-3 40.5 65.3 49.6 40.7
Isot ctrl 3 1CB 22.9 30.2 31.7 36.8
aPD-1+aCTLA-4 +aTIM-3+aTIGIT 44.6 741 48.2 35.1
Isot ctrl 4 ICB 22.8 56.8 19.2 39.8
Other LRAs

Non-proliferating Proliferating
DMSO 7.0 2.7
Romi 1 nM 1.2 6.3
Romi 0.1 nM 51 7.2
JQ11uM 2.7 2.0
JQ10.1puM 52 7.8
Bryo 10 nM 50.9 42.6
Bryo 1 nM 64.8 47.4
PMA-+iono 26.5 87.2
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The percentage of maximal response induced following stimulation with anti-CD3 and anti-CD28 is shown. Increase in EGFP expression (latency
reversal) is shown as the mean % of maximal activation with anti-CD3/28+IL-7+1L-2 following addition of IC blocking (ICB) antibodies or isotype

control (isot ctrl), alone or in combination (top panels) or latency reversing agents (LRA; bottom panels). A grey box indicates a significant

increase compared to isotype control (for immune checkpoint blockade or DMSO (for other LRAs), defined as p<0.05, using the frequency of

EGFP™ cells shown in Figure S3. a = anti; Romi = romidepsin, bryo = bryostatin; PMA = phorbol 12-myristate 13-acetate; iono = ionomycin.
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