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Bivalent SMAC mimetic APG-1387 reduces HIV
reservoirs and limits viral rebound in
humanized mice
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SUMMARY

Latent viral reservoirs (VRs) represent a main barrier to HIV cure. Thus, developing new approaches that can
purge and eliminate VRs paves the path toward achieving an HIV-1 cure. APG-1387, a bivalent SMAC mimetic
(SM), efficiently reactivates latent HIV expression in T cell line models and enhances active caspase 3 expres-
sion, a condition that typically leads to apoptosis. In primary CD4" T cells infected with a dual reporter-en-
coded HIV, APG-1387 decreases latently infected cells without a notable effect on productively infected cells.
In virally suppressed humanized (hu)-BLT mice, APG-1387 augments cell-associated viral RNA and potently
reduces HIV DNA-containing cells without modulating T cell activation or proliferation. Upon antiretroviral
therapy (ART) interruption, HIV rebound was decreased in APG-1387-treated humanized mice (hu-mice),
and the viremia maintained at levels below that of pre-ART. Thus, the ability of APG-1387 to affect VRs
and decrease viral rebound highlights the potential of bivalent SMs in HIV cure strategies.

INTRODUCTION

Antiretroviral therapy (ART) has been highly effective at sup-
pressing human immunodeficiency virus (HIV) replication, thus
significantly reducing disease progression and mortality in in-
fected individuals. However, ART is not curative and does not
meaningfully impact persistent viral reservoirs (VRs) of latently
infected cells that comprise CD4* T cells and myeloid cells.'™
Indeed, upon antiviral treatment interruption (ATI), the virus
quickly rebounds after several weeks, highlighting how the pres-
ence of VRs obviates an HIV cure.*® Therefore, eliminating or
controlling VRs remains an unwavering priority for HIV cure
research. In this context, the aim of the “shock-and-kill” strategy
is to reactivate latently infected cells with latency reversal agents
(LRAs) and render them vulnerable to cell death or clearance by
the immune system.”:®

Previously reported approaches to HIV reactivation, including
protein kinase C (PRKC) agonists, histone deacetylase (HDAC)
inhibitors (HDACI), and toll-like receptor (TLR) agonists,® have

been highly effective in in vitro models of latency, but their
efficacy is only moderate when tested in vivo.'%'® Moreover,
by broadly activating cellular pathways, these compounds elicit
significant proinflammatory effects or alter the function and fate
of specific immune effector cells,'*"'® hence limiting their use in
clinical settings.’®'® Similarly, promising candidates such as
bryostatin-1 and analogs, phorbol esters, and phosphatidyleth-
anolamine binding protein 1 (PEBP1) agonists reactivate HIV
via activation of the canonical nuclear factor kappa B (NFKB)
pathway,'®?° inadvertently leading to uncontrolled cytokine
release and overt T cell activation.?’**> Consequently, there is a
need to develop alternative approach(es) that can reactivate
latent reservoirs and eliminate infected cells without triggering
systemic activation, inflammation, or impairment of immune
clearance mechanisms. In this regard, small molecules known
as mimetics of the second mitochondrial activator of caspases
(SMAC mimetics [SMs]) were originally developed as cancer
therapeutics. They have received increasing recognition
because they specifically activate the non-canonical NFKB
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Figure 1. SMs reactivate HIV-latently infected model T cells via activation of the non-canonical NFKB pathway and lead to degradation of

IAPs

(A) Left panel: Chemical structure of APG-1387 with the IUAPC nomenclature. Right panel: HIV reactivation in latently infected 2D10 cells, as measured by the
percentage of cells expressing GFP, 48 h after treatment with increasing concentrations (0.1 nM-10 uM) of monovalent and bivalent SMs. Data are represented as
mean + SD from two experiments (n = 2). The dotted line is the level of reactivation in vehicle control (DMSO)-treated cells.

(B) Immunoblots for 2D10 cells treated with vehicle, TNF (an activator control of the canonical NFKB pathway, 10 ng/mL), or different concentrations of APG-
1387. Expression of the indicated markers of non-canonical NFKB (p100 and p52) and canonical NFKB (IKBA) pathways was determined. Shown is a
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pathway,”®>° which naturally exhibits higher functional selec-

tivity and more confined proinflammatory effects compared to
the canonical NFKB pathway.?**®

Engagement of the non-canonical NFKB pathway by SMAC
leads to degradation of cellular inhibitor of apoptosis (CIAP),
accumulation of NFKB-inducing kinase (NIK), and activation of
component of inhibitor of NFKB kinase complex (CHUK) homo-
dimer, culminating in cleavage of inactive NFKB2 p100 to active
p52.%° An association between RELB and p52 induces expres-
sion of target genes®’ and, in the context of HIV, the pathway re-
activates latently infected VRs.?’ The non-canonical NFKB
pathway can also be triggered by signaling intermediates of
the apoptosis cascade. In fact, cleavage of SMAC/DIABLO ex-
poses the N-terminal motif Ala-Val-Pro-lle, which binds specif-
ically to baculovirus intermediate repeat domains 2 and 3 of
IAP proteins. These proteins in turn trigger downstream events
that ultimately lead to degradation of baculoviral IAP repeat con-
taining 2 (BIRC2, also known as clAP1) and baculoviral IAP
repeat containing 3 (BIRCS3, also known as clAP2)*® and poten-
tiation of apoptosis.?® The unique ability of SMAC to degrade
IAPs and activate apoptosis pathway(s) makes SMs interesting
candidates in the field of HIV cure research®®>' because latently
infected CD4™" T cells display aberrant expression of cell survival
factors, including XIAP, BIRC2 and BCL2.%°? Pharmacological
activation of the non-canonical NFKB pathway by SMs was
recently found to induce on-ART plasma viremia in animal
models of HIV latency,>*?° underscoring the potential of this
class of molecules as LRAs. However, it remains unclear
whether induction of HIV expression by SMs leads to a reduction
of VRs in lymphoid and non-lymphoid tissues of animal models.

In this study, we show that bivalent APG-1387, currently in
clinical development in the oncology field, activates the non-ca-
nonical NFKB pathway and hence, is a potent LRA. By degrading
IAPs, this compound also induces the expression of active cas-
pase 3 (CASP3), a key component of the execution phase of
apoptosis, in latently infected cells. Likewise, in primary CD4*
T cells infected with a dual reporter-encoded HIV, APG-1387 re-
duces the level of latent cells without notably affecting the pro-
ductively infected pool. Accordingly, in vivo treatment with
APG-1387 could reactivate expression of latent viruses and
was found to meaningfully reduce the integrated HIV-DNA level
in tissues of ART-suppressed humanized bone marrow liver
thymus (BLT) mice, without assessable immunotoxicity. Upon
ART interruption, APG-1387-treated mice rebounded more
slowly and to a lower set point. Overall, the study demonstrates
that APG-1387 has the capacity to not only reverse HIV latency
but also potentiate cell apoptosis, thus supporting the notion
that bivalent SMs could be harnessed to reduce VRs without
causing generalized T cell activation.
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RESULTS

APG-1387 induces HIV intracellular reactivation and
enhances expression of active caspase-3 in CD4* T cell
models of latency

APG-1387 is a bivalent SM with demonstrable antitumor activ-
ity.%® However, it is not known whether this compound can reac-
tivate latent HIV and/or sensitize latently infected or reactivated
cells to death. Hence, we first assessed HIV reactivation by
APG-1387 in 2D10 cells, a latently infected Jurkat T cell line car-
rying a lentiviral vector that expresses Tat H13L and Rev in cis
and a short-lived green fluorescent protein in place of Nef,**
and compared it to that of other SMs known to have latency-
reversing activity. Indeed, bivalent SMs such as APG-1387 and
Birinapant were more effective at inducing viral reactivation in
2D10 cells at equivalent concentrations compared to monovalent
SMs GDC-0152, AT-406, and LCL-161 (Figures 1A and S1A).
Subsequently, we performed the same analysis in J-lat 10.6 cells,
a subclone of Jurkats that carries a single copy of an integrated full
length Env-defective GFP (in place of Nef)-marked HIV.*®* When
J-Lat 10.6 cells were treated with the same SMs, we observed sig-
nificant viral intracellular reactivation by the bivalent SMs, thus ex-
tending the reactivation potential of APG-1387 to another CD4*
T cell line model of HIV latency (Figure S1B).

Further, APG-1387 treatment led to an accumulation of p52
and simultaneous reduction of its precursor p100 (Figure 1B; Fig-
ure S1C), strongly indicating that the non-canonical NFKB
pathway was activated. Unsurprisingly, stimulation with tumor
necrosis factor (TNF), a quintessential activator of the canonical
NFKB pathway, led to a near complete disappearance of total
levels of the NFKB transcription factor inhibitor, IKBA, when
compared to the untreated controls. However, no changes
were noted in response to APG-1387 treatment, suggesting
that the canonical NFKB pathway was not affected (Figure 1B
and quantitative analysis of IKBA levels; Figure S1C). To further
confirm engagement of the non-canonical NFKB pathway by
APG-1387, we examined expression levels of host factors
known to be downregulated upon activation of the non-canoni-
cal NFKB signaling cascade. As shown, BIRC2 was significantly
depleted in APG-1387-treated cells in a concentration-depen-
dent manner (Figure 1C, upper panel) with a complete depletion
observed starting at 10 nM. Activation of the non-canonical
NFKB pathway hinges on the stability of the NIK, which is down-
regulated by BIRC2/3.%° The fact that APG-1387 treatment of
NIK-knock-out 2D10 cells with APG-1387 did not lead to
measurable viral reactivation, unless it was at a very high con-
centration (10 uM) and even then, the reactivation was drastically
reduced, highlights the importance of the non-canonical NFKB
pathway in latency reversal induced by SMs (Figure 1D).

representative blot of three experiments (n = 3). Numbers shown underneath the blots were obtained from densitometry analysis of immunoblot bands of protein
of interest. Quantification was done separately for p100, p52, and IKBA by normalizing to the loading control actin beta (ACTB) using ImagedJ software.

(C) Immunoblots of 2D10 cells treated with vehicle control, TNF, or APG-1387 probed for BIRC2 (clAP1) expression. Shown is a representative blot from two
independent experiments (n = 2). Quantification was done as described for Panel B.

(D) Evaluation of HIV reactivation in NIK-knockout 2D10 cells treated with AGP-1387, as was done in Panel A. Shown are results from three independent ex-
periments (n = 3) using GraphPad Prism 8.0 software (data are represented as mean + SD).

(E) Flow cytometry analysis showing the frequency of 2D10 cells expressing active (cleaved) CASP3 after 24-h treatment with APG-1387. Vehicle (DMSO only)

was used as a negative control. See also Figures S1-S3.
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Figure 2. APG-1387 reduces the frequency
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with the Hl.fate.E dual-fluorescent reporter virus,
which identifies replicating and latently infected
cell populations. Hl.fate.E construct contains an E2
Crimson (E2-CRMZ) reporter under the control of
the HIV LTR that serves as a marker for cells
undergoing productive proviral expression (E2-
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protein (ZS-Green) reporter. Cells harboring a
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E2-CRMZ negative cells while replicating infected
cells are positive for E2-CRMZ and ZS-green. Pri-
mary CD4" T cells were transduced with Hl.fate.E
virus for 3 days and treated with DMSO, PMA/io
(positive control), and APG-1387 for 24 h. Fre-
quencies of replicating and latently infected cells
were determined by flow cytometry. Efavirenz
(EFV) was used to confirm the authenticity of
infection.

(B) Fold change over vehicle control (VC) in repli-
cating and latently infected cell populations. Each
symbol represents a donor (n = 6 donors; M, male;
F, female as indicated on the Figure). Results are
shown at 24h post-APG-1387 treatment. Data are
represented as median. Statistical analysis: non-
parametric Friedman test followed by Dunn’s
multiple comparisons test *p = 0.026, *p = 0.007,
***p = 0.0004 (GraphPad Prism 8.0). Statistical
significance results are as indicated on the Figure.
All other pairings are not statistically significant.

#132F
© #229F

-
q
-
o
T
a

e

0
{
oba

Fold change over VC
2 B
-
<
»
(>
Fold change over VC

o

o
°

?F  See also Figure S2.

Bq
>0

keeping IKBA at comparable levels, indi-
cating a primary activation of the non-ca-

VC PMAfio 04 1 10
APG-1387 (uM)

Given that SMAC are activators of caspases, it is not surpris-
ing that SMs can induce apoptosis in cancer cells.*®*” In the
context of our study, we assessed whether APG-1387 could
sensitize latently infected cells to apoptosis. Indeed, APG-1387
treatment led to a dose-dependent increase in the level of
CASP3 in both 2D10 (Figure 1E) and J-Lat 10.6 (Figure S1D),
signifying potential activation of apoptosis pathway(s). Taken
together, APG-1387 is a bivalent SM, capable of efficiently reac-
tivating HIV expression via the non-canonical NFKB pathway
and enhancing the expression of active CASP3 in CD4* T cell
line models of viral latency.

APG-1387 reduces the frequency of latent cells without
detectable viral reactivation in a primary cell model of
HIV-1 latency

We next assessed whether the findings obtained in the cell lines
could also be replicated in primary CD4* T cells. In uninfected
cells, APG-1387 indeed significantly induced BIRC2 and
BIRC3 degradation, enhanced p100 processing into p52 while

4 iScience 27, 111470, December 20, 2024
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nonical NFKB pathway (Figure S2). As
well, APG-1387 treatment led to a marked
increase in the level of cleaved caspase
3 in both uninfected and HIV-infected
CD4* T cells, and the enhancement was more pronounced in in-
fected cells compared to the uninfected (Figure S3).

To study whether APG-1387 could reactivate latent virus in pri-
mary CD4* T cells and/or sensitize them to death, we took
advantage of the single-cycle Hl.fate.E dual reporter virus®®=°
with which latent cells (i.e., not expressing viral genes) or cells
supporting viral replication (or replicating infected cells), can
be readily identified by flow cytometry as only ZS-Green-positive
cells or E2-Crimson positive, ZS-Green -positive/negative cells,
respectively (Figure 2A). As originally reported, in this dual re-
porter virus, HIV LTR-directed gene expression was used as a
marker for cells supporting viral replication although the virus is
not replication-competent and viral particles released are not as-
sessed.®® As expected, pretreatment of CD4* T cells with the
reverse transcriptase inhibitor Efavirenz blocked infection. Phor-
bol-12-myristate-13-acetate (PMA) and ionomycin, which acti-
vate the canonical NFKB pathway, reduced the frequency of
latently infected cells, and increased the level of cells supporting
replicating virus as compared to the control. At 10 uM

APG-1387 (uM)
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Figure 3. APG-1387 does not cause overt immunotoxicity in hu-BLT mice
(A) Experimental setup to assess effects of APG-1387 in hu-BLT mice. Uninfected mice were left untreated (UN) or treated with either vehicle control (VC) or APG-
1387 (SM) for 4 weeks. Untreated mice were used to gauge the effect of the vehicle control.
(B) Shown are frequencies of HLA-DR* cells among CD4* and CD8" T cells (gated on human CD45™" cells) before and after APG-1387 treatment. Data were
represented as median with range. Statistical analysis: Wilcoxon matched pairs signed rank test for samples in the blood; non-parametric two-tailed

(legend continued on next page)
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APG-1387, the latently infected cell population was decreased
by at most~2-fold but the pool of cells supporting HIV LTR-
directed gene expression was not significantly affected
(Figures 2A and 2B), implying that APG-1387 might be more
effective at targeting the latent cell population in this primary
cell model. Indeed, compared to vehicle-treated cells, the
decrease in the frequency of latent cells was statistically signifi-
cant at 10 uM APG-1387, and such a reduction was also statis-
tically meaningful between 0.1 uM and 10 uM (Figure 2B). In this
context, our finding is consistent with that reported by others,
which have shown that SMs can selectively eliminate latently
infected primary cells or latent reservoirs from T cells of HIV-in-
fected, ART-suppressed individuals, without inducing detect-
able viral reactivation.?>*> We did not observe any sex-related
differences, albeit there was only one male out of six subjects
studied. Taken together, our data demonstrate that APG-1387
is an effective LRA in T cell lines but in primary CD4*T cells, it
tends to decrease the frequency of latently infected cells without
noticeably causing a detectable increase in the level of cells
undergoing LTR-directed gene expression.

APG-1387 is nontoxic in uninfected hu-BLT mice

To assess whether APG-1387 could be a potential LRA in vivo, we
first performed a pharmacological analysis in uninfected hu-BLT
mice to gauge any off-target effects orimmune-mediated toxicity.
In brief, mice were administered with APG-1387 (20 mg/kg)*° or
vehicle control every third day for 4 weeks (Figure 3A). This
dosage was chosen because APG-1387 anti-tumor activity was
observed at this concentration in a xenograft mouse model.*°
T cell frequency along with their activation status were monitored
in the blood and other tissues before and after treatment (Fig-
ure 3B; Figure S4). As indicated, APG-1387 treatment did not
lead to notable, global changes in the level of T cells. No increase
in the frequency of CD4* T or CD8* T cells expressing the activa-
tion marker HLA-DR was observed in tissues of APG-1387-
treated mice. Importantly, APG-1387 treatment did not increase
the levels of inflammatory cytokines TNF or interleukin 6 (IL6) (Fig-
ure 3C). Taken together, these results demonstrate that APG-
1387 treatment does not result in overt immunotoxicity in vivo.

APG-1387 reduces the frequency of latently infected
cells and modestly increases HIV RNA detection in ART-
suppressed hu-BLT mice

Humanized mice (hu-mice) were inoculated with HIV-1 NL4.3-
ADA-GFP and at peak viremia, infected mice were treated with
subcutaneous ART daily for 6 weeks. To gauge the effect of
repeated administration of APG-1387 on HIV RNA and DNA
levels in the context of uninterrupted ART, we treated ART-sup-
pressed mice with at least four doses of APG-1387 (or vehicle
control) over the course of two weeks (Figure 4A). Here, one
mouse in the APG-1387-treated group had a viremia level above
the background after the two-week treatment while the rest

iScience

displayed an undetectable viremia throughout the follow-up
(Figure 4B). Of note, when virally suppressed mice received a
single dose of APG-1387 upon cessation of ART, plasma viral
load became detectable in three out of six animals, suggesting
that the activity of APG-1387 as a latency reversal agent is
more apparent in this context (Figure S5).

We observed that APG-1387 treatment modestly increased the
level of cell-associated HIV RNA transcripts in the lung and spleen
by upto 1.7-and 2.2-fold, respectively, but not in the bone marrow
or the liver (Figure 4C). Regarding the effect of APG-1387 on the
level of total HIV DNA-harboring cells, we observed a trend toward
areduction in the spleen, liver and lung but not in the bone marrow
(Figure 4D). For the integrated HIV DNA, the difference was notice-
ably more pronounced in the spleen, liver, and lung of APG-1387-
treated mice (Figure 4E), and the reduction reached statistical
significance (by two-tailed Mann-Whitney tests) for the spleen
(p = 0.0043) and liver (p = 0.0317) tissues, but not for the lung
(p = 0.1255). APG-1387 does not markedly affect T cells in unin-
fected mice (Figure 3B; Figure S4) but augments the level of active
CASP3 in latent T cell lines (Figure 1E; Figure S1D). In a dual re-
porter virus system, it preferentially reduces the frequency of
latently infected primary CD4* T cells (Figure 2). Thus, itis tempting
to hypothesize that the decreased abundance of integrated HIV
DNA-containing cells is due to a potential reduction in the fre-
quency of persistent latent VRs by APG-1387.

APG-1387 does not exert overt T cell activation in ART-
suppressed hu-BLT mice

Previously, it was reported that AZD5582, a bivalent SM, might
induce activation and proliferation of T cells.>* Thus, we evalu-
ated whether APG-1387 altered the expression of marker of pro-
liferation Ki-67 MKI67 or activation markers HLA-DR and CD69
on T cells. Here, we found no significant changes in the level of
HLA-DR and CD69 in any of the tissues tested (Figures S6A
and S6B). MKI67 expression was enhanced in certain organs,
similar to what was reported previously.”* However, plasma
levels of proinflammatory cytokines IL6 and TNF were compara-
ble between the two groups (Figure S6C). We found no differ-
ences in the frequency of BCL2* CD3*CD8™ T cells (i.e., CD4*
T lymphocytes) in tissues of mice treated with APG-1387 (vs.
vehicle control). However, consistent with earlier data obtained
in the latent T cell lines (Figures 1E and S1C), the frequency of
CASP3-positive CD8-T cells (i.e., CD4* T cells) was significantly
higher in the bone marrow and liver cells of APG-1387-treated
mice compared to vehicle-treated animals (Figure SED).

Effects of in vivo and ex vivo treatment with APG-1387
on CD4* T cell subsets of HIV-infected mice

Having observed that APG-1387 reduced the frequency of HIV
DNA-containing cells in several tissues in ART-suppressed hu-
BLT mice, we next explored how APG-1387 might have affected
different immune cell subsets in these animals. Various SMs

Mann-Whitney unpaired rank test for the other tissues; *p = 0.0286; ns, not significant. Exceptionally, the % of HLA-DR* CD8"* T cells in the spleen was statistically
significant between untreated (UN) and APG-1387 (SM) treated mice (p = 0.0286), but not between vehicle (VC) and APG-1387 treated animals.

(C) Plasma from untreated (UN) mice or those treated with vehicle (VC) or APG-1387 (SM) was analyzed by ELISA for TNF and IL6. In all panels, there were n = 4
mice per experimental group. Data were represented as median with 95% CI. Statistical analysis: non-parametric Friedman test followed by Dunn’s multiple

comparisons test (GraphPad Prism 8.0); ns, not significant. See also Figure S4.
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Figure 4. APG-1387 reduces the frequency
of latently infected cells and modestly in-
creases HIV RNA detection in ART-sup-
pressed hu-BLT mice

(A) Hu-BLT mice were infected with NL4.3-ADA-
GFP virus and virally suppressed with ART for
6 weeks. Thereafter, mice received four doses of
either vehicle or APG-1387 in the presence of ART.
(B) Plasma viral load in mice receiving vehicle (VC,
n = 6, blue lines) or APG-1387 (n = 7, red lines).
Pink shading depicts the period of ART adminis-
tration. The dotted line represents the limit of
detection (LOD) of the assay.
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in technical duplicates and there were five to
seven mice per group (n = 5 to 7). For each tissue,
the number of mice tested per group was between
five to seven except for the bone marrow for the
vehicle-treated group when there were three
available. Statistical analysis: Two-tailed Mann-
Whitney unpaired rank test. *p = 0.0317; ™
0.0043; ns, not significant (GraphPad Prism 8.0). In
(E), p = 0.1255 for the lung. See also Figures S5
and S6.
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To assess whether APG-1387 targets
specifically infected cells that actively
express viral proteins, we performed
a complementary experiment in which
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have been shown to inhibit Th17 function*’ or decrease Treg dif-
ferentiation,*” and because both Th17 and Tregs are known to
be affected during HIV infection,”*™*° we assessed whether
in vivo APG-1387 treatment could affect these populations. First,
we found that ex vivo stimulation of combined PMA and ionomy-
cin greatly improved the detection of IL17A-producing CD4* T
(Th17-like cells) in splenocytes of ART-suppressed mice previ-
ously treated or not with APG-1387 (Figure 5A). However, cell
activation with PMA/ionomycin did not affect the identification
of forkhead box P3 (FOXP3)-expressing CD4* T cells (Figure 5B).
In vivo treatment with APG-1387 modestly decreased the fre-
quency of splenic Th17-like cells in ART-suppressed mice by
45% (mean 4.5 + 1.8% in VC-treated group vs. 2.5 =+ 1.3% in
APG-1387-treated group) but the difference was not statistically
significant (p = 0.11), possibly because of the small number of
mice and variations between them (Figure 5A). In the case of
FOXP3-expressing CD4™ T cells, we observed no significant in-
crease (p = 0.41) in the proportion of these cells in the APG-1387
treated group (mean 7.3 £ 1.1% in VC-treated vs. 10.7 + 4.5% in
APG-1387 treated group) (Figure 5B).

naive mice were treated with APG-1387
ex vivo (Figures 5C and 5D). Here, expo-
sure to APG-1387 led to a moderate
decrease in the number of p24-express-
ing total CD4* T cells (p = 0.062) in all mice tested (n = 5). For
the Th17-like and FOXP3* CD4"* T cell subsets, this trend was
observed in 3 of 5 mice for Th17-like CD4* T cells (p > 0.99)
and 4 of 5 for the FOXP3* CD4* T cell subset (p = 0.62). Taken
together, our data suggest that APG-1387 can reduce the pro-
portion of infected CD4" T cells that are actively producing viral
protein(s).

SPL LIV LUN

APG-1387 reduces viral rebound after ART treatment
interruption

Given the effect of APG-1387 on the pool of latently infected cells
in previous experiments with the dual reporter virus (Figure 2)
and in virally suppressed hu-mice (Figure 4), we sought to
perform an ART-treatment interruption (ATI) to assess the impact
of APG-1387 on the VRs. To test our hypothesis that mice
treated with APG-1387 would display a slower viral rebound
upon ATI, we administered four doses of APG-1387 (or vehicle
control) alongside ART to virally suppressed mice as shown in
Figure 4. Two weeks thereafter, ART was removed and the
mice were sacrificed after 4 weeks off ART (Figure 6A). As shown
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Figure 5. Effects of APG-1387 on Th17-like and FOXP3-expressing CD4"* T cells in vivo and ex vivo

(A and B) Spleen cells from virally suppressed, vehicle-treated (VC) or APG-1387-treated hu-BLT mice were left unstimulated (Unstim) or stimulated ex vivo with
combined PMA and ionomycin (Stim) for up to 24h and analyzed for IL17A-producing (Th17-like) (Panel A) or FOXP3-expressing CD4* T cells (Panel B).
Representative flow graphs depicting the two cell subsets (gated on human CD45* CD19-CD14~CD3* populations) are shown on the top. Bottom panels are

(legend continued on next page)
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in Figure 6B, plasma viral loads in the three APG-1387-treated
mice were at least 66-fold lower than that in the control group
two weeks after ART cessation (Table S1). At the end of the
experiment, the viremia remained lower in APG-1387-treated
mice by more than 6-fold (Table S1). Importantly, a longitudinal
analysis of the viremia showed that in APG-1387-treated mice
the viral rebound plateaued at a level notably lower than that
pre-ART, suggesting that the size of the reservoir was affected.
On this note, the data overall support the notion that APG-
1387 reduces viral rebound in HIV-infected hu-mice upon ART
interruption by decreasing the pool of latently infected cells
that persists during ART.

DISCUSSION

Several LRAs have shown their biological activity both in vitro
and in vivo but are clinically unsafe for further evaluations.*%*”
The most potent LRAs, including HDACi and protein kinase C
(PRKC) agonist bryostatin-1, activate the canonical NFKB
pathway,“® causing explicit T cell activation and broad cytotox-
icity, and hence eliciting significant collateral damage on host
cells. Reactivation of latent HIV by PRKC agonists has recently
been demonstrated to induce resistance to apoptosis, a phe-
nomenon often associated with phosphorylation and activation
of the antiapoptotic protein BCL2.%® Thus, the failure of common
LRAs such as PRKC agonists and HDACi to safely purge HIV and
effectively reduce VRs in people living with HIV necessitates the
development of clinical approaches to achieve an HIV cure. In
this study, we demonstrate that APG-1387, a bivalent SM initially
developed as a cancer therapy, can efficiently reactivate HIV in
CD4* T cell line models of HIV-1 latency via a process that in-
volves activation of the noncanonical NFKB pathway. Although
this IAP antagonist modestly increases HIV RNA detection in vir-
ally suppressed hu-mice, it has the capability to reduce both the
frequency of latently infected cells and the level of viral rebound
upon ART treatment interruption. Indeed, APG-1387 treatment
enhances the expression of caspase-3, a marker of apoptosis,
in latently infected cells from T cell lines or in T cells from certain
tissues of virally suppressed hu-mice. In the context of produc-
tive infection, in vitro stimulation with APG-1387 also enhanced
cleavage of CASP3.

IAPs are overly expressed in various cancers, enabling pro-
longed survival of cancerous cells [as reviewed by*°]. Conse-
quently, their antagonists are thought to either directly induce
or sensitize cancerous cells to death by triggering proapoptotic
pathways.”®°" Interestingly, IAPs such as BIRC2 have recently
been shown to be negative regulators of HIV transcription,
and their expression is found to be correlated with viral la-
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tency.”>*"*? Indeed, both BIRC2/3 and XIAP are overexpressed
in HIV latently infected CD4* T and myeloid cells, and the SMs
which induce the degradation of these IAPs can reactivate HIV.
We demonstrate herein that various monovalent and bivalent
SMs can induce efficient viral reactivation in different T cell
models of latency and that some are more potent than others.
Bivalent SMs are more effective than their monovalent counter-
parts, probably because of the presence of dimers that may
contribute to a more stable and enhanced activation via interac-
tions with the two adjacent binding domains of IAPs.>? Among
the bivalent SMs we examined, APG-1387 is most effective at
degrading IAPs, facilitating a conversion of NFKB p100 to p52,
and reactivating HIV expression through an NIK-dependent
process, a hallmark of an activated non-canonical NFKB
pathway.”®?* In CD4" T cell models of HIV latency, APG-1387
treatment is associated with remarkable viral reactivation. How-
ever, in primary CD4* T cells infected with Hl.fate.E dual reporter
virus, exposure to APG-1387 is accompanied by a reduction in
the frequency of latently infected cells (Figure 2) without a
detectable change in the level of cells supporting LTR-directed
transcription. The data suggest that the latent cells might be
preferentially targeted for elimination without reactivation in
contrast to PMA and ionomycin stimulation. This said, given
the intrinsic properties of SMs, we cannot completely exclude
the possibility that there was no change in the frequency of
reactivated cells because latently infected cells rapidly die after
reactivation.

Consistent with previous works with other SMs including
AZD5582 2* and ciapavir,® APG-1387 induces detection of
viremia, albeit modestly, in ART-suppressed hu-mice as early
as 48 h after treatment. Importantly, in mice treated with multiple
doses of APG-1387, the proportion of cells carrying the inte-
grated HIV DNA was meaningfully reduced, suggesting that the
bivalent APG-1387 might preferentially target latently infected
cells directly or indirectly for death (Figure 4). In addition, in
APG-1387-treated mice the fact that the viral rebound was
consistently lower throughout the ATl and plateaued at a level
below pre-ART further strengthens the notion that APG-1387 im-
pacts negatively the pool of VRs (Figure 6). It is conceivable that
such an impact is significant considering the modest effect of
APG-1387 on latency reversal in this experimental condition
and the limited functional immune clearance mechanisms pre-
sent in hu-BLT mice. This said, further experimentation with a
larger group of animals analyzed at endpoint is needed to
confirm the modulatory role of APG-1387 on VRs.

A more detailed analysis gauging the effect of APG-1387 on
different CD4* T cell subsets revealed a potential modulation
of splenic Th17-like cells and FOXP3-expressing CD4" T cells.

summary graphs showing results from multiple mice for each condition. Data are represented as median. Statistical analysis: two-tailed Mann-Whitney tests; ns,
not significant (GraphPad Prism 8.0). The p values for the ‘Stim’ conditions were 0.11 for (A) and 0.41 for (B). In all relevant panels, each dot is one mouse (n = 5 for

vehicle and n = 4 or 5 for APG-1387).

(C and D) Splenocytes from HIV-infected, ART-naive mice were analyzed by flow cytometry for viral Gag p24 in Th-17-like and FOXP3-expressing CD4* T cells.
The dot plot flow graphs in Panel C show the gating strategy to identify Th17-like (CD3"CD87IL17A*) or FOXP3-expressing (CD3*CD8~FOXP3™) from human
CD45* CD19 CD14 cells in one mouse as an example. The graphs illustrate HIV-1 Gag p24-positive IL17A* CD8 T cells or p24-positive FOXP3* CD8 T cells
expressing dim or no CD4. In Panel D, splenocytes isolated from HIV-infected, ART-naive mice (n = 5) were treated with APG-1387 (1 uM) ex vivo for up to 48h and
stained for HIV-1 Gag p24. Splenocytes treated with vehicle control (VC) were used as a negative control. Depicted is the p24* cell count in total CD4* T cells,
Th17-like and FOXP3-expressing T cells. Statistical analysis: two-tailed Wilcoxon paired rank tests; ns, not significant (GraphPad Prism 8.0). In (D), p = 0.062 for
total CD4* T, p > 0.99 for Th17-like cells and p = 0.62 for FOXP3* cells. See also Figure S6.
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Figure 6. Sequential treatment of virally
suppressed hu-BLT mice with APG-1387
reduced the level of viral rebound upon
ART interruption
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We observe a trend toward a reduction in Th17-cell frequency in
both ART-suppressed mice treated in vivo with APG-1387 and in
ART-naive infected mice whose splenocytes were stimulated
ex vivo with APG-1387 (Figure 5). Since Th17 cells have been
proposed to be an important source of HIV latent reservoirs [re-
viewed in°?], a decrease in Th17 cells might suggest a reduction
in the level of integrated HIV DNA-harboring cells, an observation
that was made with APG-1387 treated mice (Figure 4).
Regarding FOXP3-expressing CD4* T cells in the spleen, there
was no significant difference between ART-suppressed mice
treated with APG-1387 or with the vehicle control. However,
ex vivo stimulation of splenocytes from ART-naive, HIV-infected
mice with APG-1387 modestly decreased the number of p24-ex-
pressing FOXP3* CD4" T cells, although the difference was not
statistically significant. Whether the non-canonical NFKB
pathway is more functional in certain memory CD4" T cell sub-
sets remains to be fully elucidated. The fact that the central
memory subset has been shown to require strong TCR-medi-
ated signaling for maintenance suggests a more important role
of the canonical NFKB pathway in this context [reviewed
in°®°%%] Taken together, these results highlight the importance
of evaluating the potential effects of SMs on various immune
subsets known to be susceptible to HIV. Our study shows that
APG-1387 has the capability to reactivate HIV, activate markers
of apoptosis in latently infected cells, and reduce VRs without
causing global T cell activation. However, the findings also un-
derscore the need to combine bivalent SMs with other therapeu-
tics to improve the reactivation and elimination of VRs. Indeed,
recent findings have shown that combined panobinostat and pe-
gylated interferon alpha 2 can transform the VR landscape
through latency reversal and innate immune activation.*®

Limitations of the study

Variations in the level of human cell reconstitution among mice, a
common occurrence in this small animal model, may have contrib-
uted to different levels of effect by APG-1387. In addition, although
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4 weeks'

analysis GFP and viral replication was suppressed by

ART for 6 weeks. Mice were then treated with
either APG-1387 or vehicle control for 2 weeks (4
doses) in the presence of ART. These mice were
then subjected to a 4-week antiviral treatment
interruption (ATI).

(B) Viremia of virally suppressed mice treated with
VC (n = 3, blue lines) or APG-1387 (n = 3; red lines)
was analyzed at regular intervals. Just before the
sacrifice (sac) at 20 weeks post infection, we lost
one mouse in each group. The orange background
denotes the period of ART administration. The
dotted line represents the limit of detection (LOD).
Statistical analysis: non-parametric Kruskal-Wallis
test (p = 0.057) followed by Dunn’s multiple com-
parison test (p > 0.999), as analyzed using
GraphPad Prism 8.0 software.

the bivalent APG-1387 can decrease the frequency of virus-ex-
pressing Th17 and FOXP3-expressing CD4* T cells in hu-mice
following ex vivo stimulation, the small number of mice per group
and intrinsic differences between mice prevented us from reaching
an irrefutable conclusion about the impact of APG-1387 on Th17
and FOXP3-expressing CD4" T cells in ART-suppressed hu-
mice. In addition, potential differences in APG-1387 levels in
different tissues might explain some of the disparities in the results.
Also, the availability of the sex of the mice but not the sex of the fetal
tissues prevents us from adequately assessing the potential sex-
based effects with APG-1387 treatment. Lastly, in the experiments
involving the use of CD4™ T cells from healthy human donors, we
did not have enough males and females studied, thus limiting the
generalizability of the research findings. As well, an analysis of
the influence of gender, ancestry, and ethnicity on the results of
the study could not be established given the anonymity clause
stipulated in the consent forms (human participants).

Another limitation of the study is the small number of mice avail-
able at endpoint to evaluate the modulation of VRs by APG-1387.
Although hu-BLT mice remain the gold standard small animal
model to conduct HIV cure research, it may not be the right system
to investigate the effect of APG-1387 on microglia and long-lived
resident macrophages that are derived from precursor cells in
the yolk sac and thought to be potential sites of viral reservoirs.
In addition, the immune system in hu-BLT mice does not fully reca-
pitulate that of a human, thus limiting our ability to assess how in-
fected cells are cleared in the context of APG-1387 treatment.
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Mouse anti-human CD3 (Clone OKT3) BioLegend Cat# 317330; RRID: AB_2563507
Mouse anti-human CD4 (Clone OKT4) BioLegend Cat # 317428; RRID: AB_21186122
Mouse anti-human CD8 (Clone SK1) BioLegend Cat# 344729; RRID: AB_2564509
Mouse anti-human CD8 (Clone SK1) BioLegend Cat# 344724; RRID: AB_2562790
Mouse anti-human HLA-DR (Clone L243) BioLegend Cat#307639; RRID: AB_11219187
Mouse anti-human CD14 (Clone M5E2) BioLegend Cat# 301833; RRID: AB_11126983
Mouse anti-human CD14 (Clone M5E2) BioLegend Cat# 301851; RRID: AB_2629575
Mouse anti-human CD14 (Clone M5E2) BioLegend Cat# 301822; RRID: AB_493747

Mouse anti-human IL17A (Clone eBio64DEC17)
Mouse anti-human FOXP3 (Clone 236A/E7)
Mouse anti-human CD45 (Clone 2D1)

Rat anti-mouse CD45 (Clone 30-F11)

Mouse anti-human CD69 (Clone FN50)

Mouse anti-human MKI67 (Clone B56)

Rabbit anti-NFKB2 p100/p52 (18D10, Clone N/A)
Rabbit anti-IKBA (Clone 44D4)

Rabbit anti-BIRC2 (clAP1) (Clone EPR4673)
Rabbit anti-BIRC3 (clAP2) (Clone E40)
Anti-actin beta HRP (Clone AC-15)

Rabbit anti-active CASP3 (caspase 3)
(Clone C92-605)

Mouse anti-human BCL2 (Clone 100)

Mouse anti-human HIV-1 core antigen,
KC57-FITC (Clone FH190-1-1)

Goat anti-rabbit IgG H&L (HRP)
Goat anti-mouse IgG (H + L)

Thermo Fisher Scientific
Thermo Fisher Scientific
BioLegend

BioLegend

BioLegend

BD Biosciences

Cell Signaling Technology
Cell Signaling Technology
Abcam

Abcam

Abcam

BD Biosciences

BioLegend
Beckman Coulter

Abcam
Life Technologies

Cat# 25-7179-41; RRID: AB_11042972
Cat# 12-4777-41; RRID: AB_1944448
Cat# 368526; RRID: AB_2687377
Cat# 103146; RRID: AB_2564003
Cat# 310912; RRID: AB_314847

Cat# 563757; RRID: AB_2688008
Cat# 3017S; RRID: AB_10697356
Cat# 4812S; RRID: AB_10694416
Cat# ab108361; RRID: AB_10862855
Cat# ab32059; RRID: AB_726890
Cat# ab49900; RRID: AB_867494
Cat# 560626; RRID: AB_1727414

Cat# 658708; RRID: AB_2563282
Cat# 6604665; RRID: AB_1575989

Cat# ab205718; RRID: AB_2819160
Cat# A-11001; RRID: AB_2534069

Bacterial and virus strains

HIV: pNL4.3-ADA-GFP Dave et al.”’ N/A
Hl.fate.E. dual reporter virus Ratnapriya et al.*® N/A
Chemicals, peptides, and recombinant proteins

APG-1387 Ascentage Pharma N/A

Collagenase |
Collagenase XI

DNase (bovine pancreas)
Hyaluronidase
Birinapant (TL32711)
GDC-0152

AT-406

LCL-161

Cremophor EL
Polyethylene glycol 400
lonomycin calcium ionophore
PMA

PHA-L
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Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
AdooQ Bioscience
Cayman Chemical
Cayman Chemical
Cayman Chemical
Millipore Sigma
Sigma-Aldrich
STEMCELL Technologies
Sigma-Aldrich
Sigma-Aldrich

Cat# C0130-1G
Cat# C7657-1G
Cat# D4513-1VL
Cat# H3506-1G
Cat# A12738-25
Cat# 17810

Cat# 19929

Cat# 22420

Cat# 238470
Cat# 8074851000
Cat# 73724

Cat# P8139-1MG
Cat# 11249738001

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Human IL2 Thermo Fisher Scientific Cat# 200-02-100UG

Raltegravir potassium

Emtricitabine

Tenofovir

Efavirenz

Percoll

SuperScript Il Reverse Transcriptase 10,000 U

APIChem

APIChem

APIChem

Sigma-Aldrich
Sigma-Aldrich

Thermo Fisher Scientific

Cat# AC-2062

Cat# AC-392

Cat# AC-5262

Cat# SML0536-10MG
Cat# GE17-0891-01
Cat# 18064014

Critical commercial assays

COBAS AmpliPrep/COBAS TagMan HIV-1
test (Version 2)

BD Cytofix/Cytoperm™ Fixation/
Permeabilization Solution Kit

BD Perm/Wash Buffer

FOXP3 transcription factor staining buffer set
TagMan Fast Advanced Master Mix

QIAzol Lysis Reagent

Taqg DNA polymerase with Standard Taq Buffer
Lipofectamine 3000

ELISA MAX Standard Set Human TNF

ELISA MAX Deluxe Set Human IL6

Roche

BD Biosciences

BD Biosciences
Thermo Fisher Scientific
Thermo Fisher Scientific
QIAGEN Sciences

New England Biolabs
Thermo Fisher Scientific
BioLegend

BioLegend

https://diagnostics.roche.com/

Cat# 554722

Cati# 554723
Cat# 00-5523-00
Cat# 4444556
Cat# 79306
Cat# M0273L
Cat# L3000015
Cat# 430201
Cati# 430504

Experimental models: Cell lines

Human: ACH-2 cells (Sex of cells: Female)
Human: HEK293T (Sex of cells: Female)
Human: 2D10 (Sex of cells: Male)

Human: 2D10 NIK knock-out (Sex of cells: Male)
Human: J-Lat 10.6 (Sex of cells: Male)

Human: Jurkat E6.1 (Sex of cells: Male)

Human: TZM-bl (HeLa-derived)
(Sex of cells: Female)

NIH AIDS Reagent Program
ATCC
Pearson et a
Pache et al.”®

Jordan et al.*®

ATCC

NIH AIDS Reagent Program

|34

Cat# ARP-349-443; RRID: CVCL_0138
ATCC Cat# CRL-3216; RRID: CVCL_0063
N/A

N/A

Cat# ARP-9849; RRID: CVCL_8281
ATCC Cat# TIB-152; RRID: CVCL_0367
Cat#ARP-8129; RRID: CVCL_B478

Experimental models: Organisms/strains

Mouse: NOD-scid IL2Rgammanull
NOD.Cg-Prkdc®°™ 12rg"™""i"/SzJ

The Jackson Laboratory

https://www.jax.org/strain/005557#;
RRID: IMSR JAX:005557

Oligonucleotides

Primer ULF1: ATG CCA CGT AAG Vandergeeten et al.”® N/A
CGA AAC TCT GGG TCT CTC TDG TTA GAC

Primer UR1: CCA TCT CTC TCC TTC TAG C Vandergeeten et al.”® N/A
Primer HCD30UT5’: ACT GAC ATG GAA CAG GGG AAG Vandergeeten et al.”® N/A
Primer HCD3OUT3': CCA GCT CTG AAG TAG GGA ACA TAT Vandergeeten et al.”® N/A
Primer Alu1l: TCC CAG CTA CTG GGG AGG CTG AGG Vandergeeten et al.”® N/A
Primer Alu2: GCC TCC CAA AGT GCT GGG ATT ACA G Vandergeeten et al.”® N/A
Primer Lambda T: ATG CCA CGT AAG CGA AAC T Vandergeeten et al.”® N/A
Primer UR2: CTG AGG GAT CTC TAG TTA CC Vandergeeten et al.”® N/A
Primer HCD3IN5’: GGC TAT CAT TCT TCT TCA AGG T Vandergeeten et al.”® N/A
Primer HCD3IN3’: CCT CTC TTC AGC CAT TTAAGT A Vandergeeten et al.”® N/A
Recombinant DNA

psvCMV-VSV-G Lodge et al.*® N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

FACS Diva BD Biosciences https://www.bdbiosciences.com/
en-us/products/software/instrument-
software/bd-facsdiva-software

FlowJo (Versions 9.9.3 and 10.1) TreeStar https://www.flowjo.com/solutions/flowjo

ChemDraw Revvity Signals https://revvitysignals.com/products/
research/chemdraw

Prism (Version 8.0) GraphPad https://www.graphpad.com

ImageJ Schneider et al.®® https://github.com/imagej/ImageJ

Other

Precision count beads BioLegend Cat # 424902

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Hu-mice

The use of hu-BLT mice as a model to study HIV persistence and test therapeutic interventions was approved by the Center Hospital-
ier Universitaire (CHU) Sainte-Justine institutional (CER#2126) and the CSSS Jeanne-Mance review boards (Montreal, Canada), and
applied in accordance with federal and provincial laws. Human fetal tissues were obtained following written informed consent to
participate in this study. The sex of the fetal tissues was not available because it was either unknown to the donors or kept anony-
mous to experimenters as stipulated in the consent forms.

Hu-BLT mice were generated as previously reported.®’ In brief, male NOD-scid IL2Rgammanull (NSG, RRID:IMSR_
JAX:005557) mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA) and housed in pathogen-free environment
at CHU Sainte-Justine Research Center. NSG mice were subjected to total body irradiation with a sublethal dose (2.5 Gy) at
6-10 weeks of age. Irradiated mice were implanted with pieces of human fetal thymus fragments under the kidney capsule and
received autologous fetal liver CD34* hematopoietic stem cells. Humanized mice were housed in germ-free facilities at CHU
Sainte-Justine Research Center and Institut de recherches cliniques de Montréal (IRCM) under 12-h light-dark cycles, at room tem-
perature with food and water ad libitum.

All animal experiments were approved by the IRCM Animal Care Committee (IRCM 2018-11) and by the CHU Sainte-Justine
Animal Care and Use Committee (CIBPAR#2021-2961) following Good Laboratory Practices for Animal Research. Experimental pro-
cedures were performed in the BSL-3 Laboratory at the IRCM and conformed to the relevant regulatory standards in accordance with
institutional and national guidelines. Fifty-six mice were used and data reported in this study (Table S2). The humanization age was
between 10 and 15 weeks and the extent of human cell reconstitution (i.e., percentage of human CD45* cells in the blood at the start
of the experiments) ranged between 24.6% and 97.3%. No randomization was performed; variations in the level of human CD45*
cells between mice were evenly distributed among experimental groups. Exact details about the number of mice or tissues tested
(sample size) in each experimental group were provided in appropriate Figure legends. No inclusion or exclusion criteria were
applied.

Human subjects

Peripheral blood from anonymous healthy human donors were obtained after the participants had given written inform consent to
participate in the study in accordance with the Declaration of Helsinki under research protocols approved by the IRCM Human
Research Ethics Review Board (IRCM 2012-16). As per the terms of the consent forms, the blood donors remained anonymous
to experimenters; thus, no information on the identity, age, ancestry, race, ethnicity, socioeconomic status or a combination of these
factors could be obtained. Peripheral blood from 7 females and 3 males were used in the study, as described below and indicated on
Figures or in the corresponding Figure legends. These 10 healthy subjects were used in three experiments and information related to
the sample size and specific details for each experiment could be found in the Figure legends. The absence of sex-based analyses
limits the generalizability of some of the findings in this study and this is highlighted under Section ‘Limit of Study’. An analysis of the
influence of gender, ancestry, ethnicity on the results of the study could not be performed given the anonymity clause of the consent
forms.

Cell lines

The HEK 293T cell line (RRID:CVCL_0063), obtained from the American Type Culture Collection (ATCC) is a derivative of the human
embryonic kidney (HEK) 293 cell line which was generated from the kidney of an aborted female fetus. The TZM-bl (RRID:
CVCL_B478), obtained from the NIH AIDS Reagent Program, was generated from a female with cervical carninoma. The ACH-2
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cell line (RRID:CVCL_0138), obtained from the NIH AIDS Reagent Program, was from a four-year-old female with T acute lympho-
blastic leukemia. The Jurkat E6.1 cell line (RRID:CVCL_0367), obtained from the ATCC, came from a 14-year-old male with acute
T cell leukemia. The 2D10, 2D10 NIK-knockout and J-Lat 10.6 (RRID:CVCL_8281) cell lines were all derived from the parental Jurkat
E6.1 cell line mentioned above.

All cell lines were cultivated in DMEM (HEK 293T and TZM-bl) or RPMI-1640 media (ACH-2 and all Jurkat-based cell lines) supple-
mented with 10% fetal bovine serum (FBS) at 37°C in incubators supplied with 5% CO, in air atmosphere. All cell lines were routinely
checked in our laboratory and confirmed to be mycoplasma-free. No other information related to cell authentication was available.

Primary cell cultures from hu-mice

Primary cells were isolated from blood and tissues of hu-mice (all males) described in the preceding Section entitled ‘Hu-mice’. Cells
were used in experiments approved by the IRCM Animal Care Committee (IRCM 2018-11) and by the CHU Saint-Justine Animal Care
and Use Committee (CIBPAR#2021-2961). All experimental procedures conformed to the relevant regulatory standards in accor-
dance with the institutional and national guidelines. The sex of human cells in hu-mice was not available since the sex of human
fetal tissues used to generate the animals was either unknown to the donors or kept confidential in accordance with the terms of
the consent forms. Cells isolated from tissues of hu-mice were cultivated in RPMI-1640 media supplemented with 10% FBS at
37°C in incubators supplied with 5% CO, in air atmosphere.

Primary cell cultures from human subjects

CD4* T cells were purified from peripheral blood of 7 female and 3 male healthy subjects whose blood was drawn after the partic-
ipants had given written inform consent in accordance with the Declaration of Helsinki under research protocols approved by the
IRCM Human Research Ethics Review Board (IRCM 2012-16). CD4" T cells were used in the experiments shown in Figures 2, S2,
and S3. Precise usage of the donors was indicated on the Figures or in the corresponding Figure legends. CD4* T cells, grown in
RPMI-1640 media supplemented with 10% FBS, were cultivated at 37°C in incubators supplied with 5% CO, in air atmosphere.

METHOD DETAILS

Experimental design

No randomization and/or stratification was performed. Hu-mice with variable levels of human CD45" cells were equally distributed
among experimental groups. All efforts were made to have equal or comparable number of mice or samples (i.e., number of n) per
experimental group or condition. The exact number of n was provided in relevant Figure legends. Experimenters were blinded during
processing biological samples, conducting experiments and analyzing samples in different assays. No inclusion or exclusion criteria
were applied to the study. No statistical methods were used to pre-determine strategies for randomization and/or stratification,
population size, inclusion and exclusion of any data or subjects, or whether the data met assumptions of the statistical approach.

Pharmacological and toxicity analysis

Hu-BLT mice were left untreated or treated via intraperitoneal route (IP) with either vehicle- (10% sterile Cremophor dissolved in 5%
polyethylene glycol-400 and 85% PBS) or 20 mg/kg (100 APG-1387 (Ascentage Pharma, China) every third day (maximum 100 uL
injection volume) for up to 4 weeks. Plasma was collected at different intervals and white blood cells isolated by treating whole blood
with red blood cell lysis buffer (Invitrogen, U.S.A). Cells from blood and tissues were analyzed by flow cytometry as described in Sec-
tion ‘flow cytometry’ below for the effect of APG-1387 on cell proliferation and activation. Proinflammatory cytokines were evaluated
in plasma of healthy untreated, APG-1387- and vehicle-treated hu-BLT mice using Legend Max enzyme-linked immunosorbent
assay (ELISA) kits for human TNF and IL6 (both from BioLegend, U.S.A) as per the manufacturer’s protocol. Data analysis was per-
formed using GraphPad Prism software (Version 8.0).

HIV infection and ART treatment of hu-mice

Stocks of HIV-1 NL4.3-ADA-GFP were prepared and titered as previously reported.®” In brief, HEK293T cells (5x10°) were trans-
fected with 25 ug CCR5-tropic HIV pNL4.3-ADA-GFP using the calcium phosphate method. Culture supernatant was collected
48h later and virus was concentrated by ultracentrifugation over a 20% sucrose gradient. The pelleted virus was resuspended in
DMEM media and titrated in TZM-bl cells to determine 50% tissue culture infectious units (TCIDs).°’ TCIDs, values were calculated
using the Spearman-Karber method. Hu-BLT mice were inoculated by IP (in 100 uL volume) twice (24-h apart) with 100,000 TCID5q
each. Plasma HIV viral load was determined every 1-2 weeks using the quantitative COBAS AmpliPrep/COBAS TagMan HIV-1 test,
Version 2.0 (detection limit, 20 copies/ml; Roche Diagnostics, U.S.A).

After viral peak was reached (6-8 weeks post infection), mice were subjected to a daily ART regimen containing emtricitabine
(100 mg/kg), tenofovir disoproxil fumarate (50 mg/kg), and raltegravir (68 mg/kg) via subcutaneous injections (maximum volume
120 pl). The three compounds were obtained from APIChem Technology (Zhejiang, China). Subsequently, virally suppressed
mice were treated for up to 2 weeks with APG-1387 (20 mg/kg, every third day) or vehicle via the IP route as described in Section
‘Pharmacological and toxicity analysis’ above. In the experiment where mice received more than one doses of APG-1387, ART
was maintained during the two-week treatment with APG-1387. In some cases, virally suppressed mice, treated or not with
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APG-1387, were subjected to a 4-week ATI after APG-1387 treatment. For experiments which aimed to assess the effect of
APG-1387 ex vivo, infected mice were not treated with ART or APG-1387 at anytime leading up to the endpoint of the experiment
(euthanasia).

Cell isolation from blood and tissues

Hu-BLT mice were euthanized by gas (isoflurane) anesthesia overdose and intracardiac puncture according to institutional protocols
approved by the IRCM Animal Care Committee. Euthanasia was done between 4 and 20 weeks after initiation of the experiment.
Cardiac perfusion was performed before tissues were harvested using PBS containing 20 IU/mL heparin. Bone marrow cells were
isolated from the femur as described.®? Briefly, femurs were removed and residual tissues excised from the bones before the cavities
were flushed with PBS-2% FBS to recover bone marrow cells. Cells from the spleen, lung and liver were isolated as reported pre-
viously.®" In brief, spleen was crushed and passed through a 40-um cell strainer to obtain single-cell suspensions (BD Biosciences).
Lung and liver tissues were digested with a mixture of enzymes (all from Sigma-Aldrich) containing 1350 U collagenase |, 37.5 U colla-
genase XI, 18 U hyaluronidase and 7.2 U DNase in 2 mL HBSS for 1h at 37°C. Cell suspension was filtered through a sterile 70-um cell
strainer, and cells purified by centrifugation (870 x g) over a 40%-80% Percoll (Sigma-Aldrich) gradients. In all cases, cells were
washed with PBS and contaminating red blood cells (RBCs) were removed using RBC lysis buffer (PBS containing 0.8% ammonium
chloride).

Ex vivo stimulation of splenocytes

In certain experiments, spleen cells from virally suppressed, vehicle-treated or APG-1387-treated hu-mice were seeded in a
96 U-bottom well plate (0.5-1 million cells) with 200 uL RPMI-1640 media (+10% FBS) and stimulated with PMA (5 ng/mL) and
ionomycin (500 ng/mL). Cells treated with vehicle control (DMSO) were used as negative controls. Twenty-four hours later, they
were analyzed for IL17A-producing (Th17-like) or FOXP3-expressing CD4" T cells using flow cytometry as described below.
Alternatively, spleen cells from HIV-infected, ART-naive mice were treated APG-1387 (1 uM) or vehicle (DMSO) for 48h and analyzed
by flow cytometry as described below for the frequency of total CD4* T-, Th17-like- or FOXP3" CD4" T-expressing the HIV Gag p24
protein.

CD4* T cell infection with single-round HIV

HEK293T cells (5% 10°%) were transfected with 20 pg of Hl.fate.E dual reporter proviral DNA®*® and pseudotyped with 8 ug psvCMV-
VSV-G,° using Lipofectamine 3000 Transfection Reagent as per manufacturer’s instructions (Thermo Fisher Scientific). The Hl.fate.E
dual reporter lentiviral vectors were concentrated by ultracentrifugation over a 20% sucrose cushion and titered in Jurkat E6.1 cells.
The proportion of infected cells supporting viral replication, designated replicating (E2-CRMZ-positive cells) was used to estimate
infectious units.

CD4* T cells were isolated from peripheral blood mononuclear cells using CD4* T cell isolation kit (Miltenyi Biotec, USA) and acti-
vated with phytohemagglutinin-L (10 ug/mL, Sigma-Aldrich) in the presence of IL2 (100 U/ml, Peprotech, USA). Thereafter, cells were
transduced with Hl.fate.E dual reporter virus at multiplicity of infection-1 (MOI-1). To confirm the authenticity of transduction, CD4*
T cells were treated with 5 uM efavirenz (EFV, Sigma-Aldrich) for 2 h before viral inoculation. At 72 h post transduction, cells were
treated with varying concentrations of APG-1387 (0.1-10 uM) or vehicle (DMSO) for 24 h. Transduced primary CD4* T cells treated
with PMA/ionomycin, which activates the canonical NFKB pathway, were used as controls. Frequencies of cells supporting viral
replication (replicating) and latently infected CD4* T cells were determined by flow cytometry.

HIV reactivation from latent cells

Jurkat-based cell lines J-Lat 10.6 *°, 2D10 ** and 2D10 NIK knock-out®® were seeded at 20,000 cells (100 uL) in a 96-well plate and
treated for up to 48 h with APG-1387 or other SMs including GDC-0152, AT-406, LCL-161 and Birinapant from as low as 0.01 pM up
to 10 uM. Cells treated with vehicle (DMSO) were used as controls. Samples were fixed and acquired on SA3800 Spectral Analyzer
(Sony Biotechnology) or BD LSRFortessa Cell Analyzer with FACS Diva software (BD Bioscience). These Jurkat-based cell lines
contain an HIV-1 genome that expresses GFP upon activation. Thus, reactivation of CD4* T cell models of latency was determined
by measuring the percentage of GFP* cells after treatment. Results were analyzed using FlowJo (Versions 9.9.3 and 10.1; FlowJo
LLC, BD Life Sciences).

Flow cytometry

Cells from blood and/or tissues were stained with fluorescently labeled Abs against mouse CD45 along with those specific for human
CD45, CD3, CD4, CD8, CD14, CD69 and HLA-DR as required for the experiments. When appropriate, surface-stained cells were
fixed and permeabilized using the BD Cytofix/Cytoperm solution kit and BD Perm/Wash buffer (BD Biosciences) as per the manu-
facturer’s instructions and intracellularly stained for HIV-Gag p24 using anti-human HIV-1 core antigen, KC57-FITC (Beckman
Coulter, USA), and/or cytoplasmic proteins of interests using appropriate Abs (e.g., anti-active CASP3, anti-human BCL2). In
some cases, permeabilization was done using a FOXP3/Transcription Factor Staining kit (eBioscience, USA) to stain for ILT17
using anti-human IL17A Ab or nuclear-like proteins including FOXP3 and marker of proliferation marker Ki-67, MKI67 using anti-
human FOXP3 and anti-human MKI67 Abs, respectively. The full Ab list used for flow cytometry analysis can be found in the
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key resources table. When appropriate, precision counting beads (BioLegend, USA) were used to determine the cell count. Samples
were acquired on a BD LSRFortessa Cell Analyzer (BD Bioscience) using FACSDiva software and analyzed by FlowJo (Versions 9.9.3
and 10.1).

Western blotting

Cells were washed with phosphate-buffered saline (PBS) and then lysed using radioimmunoprecipitation assay RIPA buffer (1%
NP-40, 140 mM NaCl, 0.05% SDS, 5 g/L Na-Deoxycholate, 8 mM Na,HPO,4 and 2 mM NaH,PO,, pH 7.2) for 20 min at 4°C. Immu-
noblotting was performed according to standard protocols.?* Primary Abs such as a-NFKB2 p100/p52, «-IKBA, ¢-BIRC2, ¢-BIRC3
and a-ACTB, were added to protein immunoblots and incubated overnight at 4 °C. Protein signals were detected with appropriate
secondary Abs including an anti-rabbit Ab. Quantification of protein signals on Western blots was done using ImageJ software.®®
Information about the Abs used in Western blotting can be found in key resources table.

Nucleic-acid extraction and qPCR

RNA from all lymphoid and non-lymphoid tissues were extracted using QIAzol Lysis Reagent (QIAGEN Sciences, USA) according to
manufacturer’s instructions and analyzed using previously published protocols.®’ RNA was reverse transcribed using SuperScript Il
RT (Thermo Fisher Scientific, U.S.A). Total DNA from tissue-derived cells was extracted using the QlAamp DNA mini kit (QIAGEN
Sciences, U.S.A) according to manufacturer’s instructions. HIV DNA was quantitated as described previously.®® In brief, preampli-
fication of total DNA was done using 4 primers (300 nM each) ULF1, UR1, HCD30OUT5’ and HCD30OUT3’, while that for integrated
DNA was done using ULF1 (150 nM) and 300 nM each of Alu1, Alu2, HCD30OUT5' and HCD3OUT3'. The second round PCR were
performed in real time using ViiA 7 Real-Time PCR system using TagMan Fast Advanced Master Mix (Thermo Fisher Scientific,
U.S.A). The primers are Lambda T and UR2 (both at 1250 nM) for total and integrated HIV DNA. Primers HCD3IN5' and HCD3IN3’
are for the amplification of the CD3 gene (2 copies per cell) and used to determine the exact number of cells in the reaction.”®
DNA from serially diluted ACH-2 cells (NIH HIV Reagent Program) was extracted and amplified in parallel to generate a standard
curve from which unknown samples were enumerated.

QUANTIFICATION AND STATISTICAL ANALYSIS

Flow cytometry data were analyzed using FlowJo (Versions 9.9.3 and 10.1). Quantification of Western blots was performed using
Imaged software. Data analysis and presentation was done using GraphPad Prism (Version 8.0). Experimenters were blinded during
data analysis of samples.

Descriptive measures (mean, median, minimum/maximum range, 95% confidence intervals, and percent) were used to summarize
the data and illustrate in graphical presentations. All statistical analysis was done using GraphPad Prism (Version 8.0). Nonparametric
(unpaired) Mann-Whitney’s U-test (two-tailed) was conducted to compare ranks between two experimental groups (e.g., treated with
vehicle or with APG-1387). Nonparametric (paired) Wilcoxon test was performed to compare the ranks of two matched samples (e.g.,
before and after treatment with APG-1387). When comparing multiple groups, non-parametric tests Kruskal-Wallis or Friedman were
performed and followed by Dunn’s multiple comparison test (e.g., vehicle-treated group compared to those treated with different
concentrations of APG-1387 or combined PMA and ionomycin; effect of APG-1387 on viral rebound at different time points post
treatment interruption). A p value of less than 0.05 was considered statistically significant. ns, *, **, ***, signify not significant,
<0.05, <0.01, and <0.001, respectively. Accordingly, in the non-parametric Friedman test followed by Dunn’s multiple comparisons
test shown in Figure 2, the exact p values were *p = 0.026, **p = 0.007, ***p = 0.0004. In the two-tailed Mann-Whitney unpaired rank
test shown in Figure 3, the *p value was 0.0286 while in Figure 4, the p values were as follows: *p = 0.0317 and **p = 0.0043. For
Figure S6, the *p value was <0.05.

No statistical methods were used to pre-determine strategies for randomization and/or stratification, population size, inclusion and
exclusion of any data or subjects, or whether the data met assumptions of the statistical approach. All software used in data analysis
along with statistical parameters were mentioned in the appropriate Figure legends. Details about the statistical tests, exact values of
n and definitions of the n were as indicated in the legend for each relevant Figure. When applicable, definition of asterisks and
descriptive measures were indicated in the Figure legends or Results.

Drawing of the chemical structure of APG-1387 shown in Figure 1 was done using the ChemDraw software.
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