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Abstract

Eradication of HIV-1 by the “kick and kill” strategy requires reactivation of latent virus to
cause death of infected cells by either HIV-induced or immune-mediated apoptosis. To date
this strategy has been unsuccessful, possibly due to insufficient cell death in reactivated
cells to effectively reduce HIV-1 reservoir size. As a possible cause for this cell death resis-
tance, we examined whether leading latency reversal agents (LRAs) affected apoptosis
sensitivity of CD4 T cells. Multiple LRAs of different classes inhibited apoptosis in CD4 T
cells. Protein kinase C (PKC) agonists bryostatin-1 and prostratin induced phosphorylation
and enhanced neutralizing capability of the anti-apoptotic protein BCL2 in a PKC-dependent
manner, leading to resistance to apoptosis induced by both intrinsic and extrinsic death sti-
muli. Furthermore, HIV-1 producing CD4 T cells expressed more BCL2 than uninfected
cells, both in vivo and after ex vivo reactivation. Therefore, activation of BCL2 likely contrib-
utes to HIV-1 persistence after latency reversal with PKC agonists. The effects of LRAs on
apoptosis sensitivity should be considered in designing HIV cure strategies predicated upon
the “kick and kill” paradigm.

Author summary

The major barrier to an HIV cure is the latent viral reservoir. We questioned why some
drugs that reactivate latent HIV fail to reduce the viral reservoir size. We show that some
HIV latency reversal agents, particularly PKC agonists such as bryostatin-1, activate the
anti-apoptotic BCL2 protein in CD4 T cells. This unintended biologic effect inhibits apo-
ptosis and, thereby, may promote HIV persistence despite viral reactivation. It is therefore
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important to screen potential latency reversal agents for off-target effects that might pro-
mote survival of HIV infected cells.

Introduction

In 2017, nearly one million people died of AIDS-related illnesses worldwide. Despite the avail-
ability of effective anti-retroviral treatment (ART), lifelong ART is sometimes inaccessible,
unaffordable, or not feasible due to adverse drug effects and drug-drug interactions (DDIs).
An HIV-1 cure could eliminate the risks posed by lifelong ART and potentially end the spread
of HIV-1 in populations with limited access to ART.

The “kick and kill” strategy to cure HIV-1 involves reactivating latent virus inside host cells,
allowing either immune-mediated killing or HIV-induced death of the infected cells [1]. Cur-
rently, several latency reversal agents (LRAs) are being evaluated in clinical trials [2]. While
some of these drugs (vorinostat, bryostatin-1, disulfiram, panobinostat, and romidepsin) did
increase HIV-1 transcription, none significantly reduced the latent viral reservoir [3-7]. Thus,
the induction of HIV-1 transcription alone is not sufficient to cause death of the reactivating
cell.

While cell death in the context of untreated HIV-1 infection occurs in both infected and
uninfected cells, an eradication cure would involve preferential death of HIV-infected cells,
and could occur through the following non-exclusive pathways: pyroptosis [8], intrinsic and
extrinsic apoptotic pathways [9], DNA-PK activation [10], and HIV protease-induced cleavage
of procaspase 8 [11].

In HIV-1 infected cells, HIV-1 protease plays a significant role in the viral life cycle through
its cleavage of the HIV-1 polymerase protein from Gag to create infectious virus and its ability
to degrade the anti-apoptotic BCL2 protein, thereby tipping the balance in favor of cell death
[12]. In addition, the HIV-1 protease can independently induce apoptosis of HIV protein tran-
scribing, infected cells. In particular, HIV-1 protease has been shown to cleave procaspase 8 to
a 41 kDa fragment termed Casp8p41 [13-15]. This enzymatically-inactive cleaved caspase can
both bind and activate the mitochondrial permeabilizer BAK [16,17], or in case of high BCL2
levels, bind BCL2 instead and avert cell death [18]. Additionally, many proteins such as Nef
and Tat act to upregulate FAS and FASL on the cell surface, thereby increasing sensitivity to
stimuli that trigger the extrinsic apoptotic pathway [9]. CD8 T cells recognize the FAS on
infected CD4 T cells and kill these infected cells. In cases where HIV-1 infection has caused
downregulation of MHC I, NK cells can detect this absence and kill infected cells [19,20].

To reactivate HIV from latency, investigational LRAs target a wide array of signaling path-
ways, including histone deacetylases (vorinostat, panobinostat, valproic acid and romidepsin),
protein kinase C isoforms (bryostatin-1 and prostratin), proteasome mediated protein degra-
dation (ixazomib), CyclinT1/p-TEFb (JQ1), and PTEN/PI3K (disulfiram). Because of the
many cellular processes affected by these pathways, these LRAs have the potential for unin-
tended effects other than stimulation of HIV transcription [4,21-23]. PKC agonists such as
bryostatin-1 activate IxB kinase to induce phosphorylation of IxB, which is degraded to allow
enhanced NF«xB signaling [21]. This regulation of NFxB impacts viral transcription through
the NF«xB promoters in the enhancer region of HIV-1 long terminal repeats [24]. NF«kB also
regulates cell survival both in the intrinsic and extrinsic cell death pathways through transcrip-
tional regulation of key apoptosis proteins, including the anti-apoptotic BCL2 family members
BCL2 and BCLX|, among others [25].
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Given the pleiotropic transcriptional activities induced by LRAs and the numerous signal-
ing pathways they impact, we sought to understand how different LRAs impact cell death path-
ways and determine whether the choice of LRA impacts the ability of HIV-infected cells to live
or die following reactivation.

Results
Some latency reversal agents inhibit apoptosis

We questioned whether LRAs might inhibit apoptosis induced by a variety of different stimuli.
First, we treated J-Lat 10.6 cells, a Jurkat T cell based line containing an integrated HIV-1
genome that expresses green fluorescent protein (GFP) on activation [26], with a panel of
LRAs and monitored GFP expression over time (Fig 1A). Untreated J-Lat 10.6 cells expressed
GFP rarely, whereas PMA+Ionomycin induced rapid and robust GFP expression in treated
J-Lat 10.6 cells, consistent with maximal HIV latency reversal [27]. Bryostatin-1 and prostratin
induced moderate GFP expression, whereas vorinostat and panobinostat induced GFP expres-
sion modestly, consistent with previous reports [27]. None of the LRAs tested significantly
increased proliferation of the J-Lat 10.6 cells (Fig 1B), confirming that the increase in number
of GFP expressing cells was due to reactivation of latent HIV and not enhanced proliferation.

Having confirmed the latency reversal activity of these LRAs, we then examined the effects
of the LRAs on apoptosis sensitivity, first in uninfected primary CD4 T cells. Primary CD4 T
cells from 3 healthy donors were pre-treated with LRAs at physiologic doses for 24 hours fol-
lowed by treatment with etoposide, which causes DNA damage and results in cell death by the
intrinsic apoptotic pathway [28,29]. Activation of caspases-3 and -7, final common effectors of
apoptotic pathways [30,31], was monitored by live cell imaging at 72hrs in treated cells (Fig
1C). Pretreatment of CD4 T cells with bryostatin-1 (p = 0.0004) or prostratin (p<0.0001)
blunted etoposide-induced killing, whereas the HDAC inhibitors vorinostat and panobinostat
did not significantly alter etoposide-induced caspase-3/7 activity (Fig 1C), without inducing
significant proliferation in similarly treated cells (Fig 1D). This suggests that some, but not all,
LRAs inhibit caspase-3/7 activation in CD4 T cells through the intrinsic apoptosis cascade.

Because HIV-1 infection also sensitizes CD4 T cells to extrinsic apoptosis induced by FAS
ligation [32,33], we also questioned whether bryostatin-1 would inhibit FAS-mediated apopto-
sis in HIV-infected cells. Pretreatment of acutely HIV g infected primary CD4 T cells with
bryostatin-1 resulted in significantly reduced cell death of HIV-p24 positive cells after FAS
ligation compared to vehicle control treated cells (35.6 + 11.2% relative reduction, p = 0.034,
Fig 1E). Therefore, bryostatin-1 also has a protective effect against extrinsic apoptosis in HIV-
infected cells.

In summary, our data indicate that some of the current investigational LRAs modulate sus-
ceptibility of primary CD4 T cells to apoptosis inducing treatments, including in HIV infec-
tion. Specifically, PKC agonists protect against apoptosis induced through both the intrinsic
and extrinsic apoptotic pathways, which have been implicated in HIV-induced cell death.

PKC agonists activate anti-apoptotic BCL2 through ERK-dependent
phosphorylation

To search for the mechanism(s) by which PKC agonists inhibit apoptotic signaling, we per-
formed single cell RNAseq (scRNAseq Chromium 10X). Here, we focused on apoptotic-regu-
latory gene expression alterations in primary CD4 T cells isolated from an ART-suppressed,
HIV-positive patient treated with the PKC agonist bryostatin-1 vs. control (Fig 2A). Of the
entire data set, eight genes had a unique molecular identifier (UMI) count greater than one
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Fig 1. PKC agonists reduce apoptosis sensitivity in CD4 T cells. A) Chronically HIV infected J-Lat 10.6 cells were treated with the LRAs indicated and
expression of GFP monitored over time using live cell imaging. Data represent mean (error) of 4 assay replicates of an representative experiment from 3
independent experiments. B) J-Lat 10.6 cells treated as in (A) were monitored for proliferation by phase confluence using live cell imaging. C) Uninfected primary
CD4 T cells were treated with LRAs or diluent control for 24 hours, supplemented with etoposide (20 uM), and assessed for apoptosis at 72 hours by measurement
of caspase 3/7 activity. Data represent mean (SD) of 4 assay replicates from 3 independent experiments. D) Uninfected primary CD4 T cells, as in (C), were treated
with LRAs and assessed for cell proliferation by absolute cell counts at 72 hours. E) Activated primary CD4 T cells were infected with HIVyyp for 48 hours, treated
with DMSO or bryostatin-1 (10 ng/ml) followed by anti-Fas antibody treatment (Clone CH11, 0.5-1.0 ug/ml). LIVE/DEAD viability stain and HIV p24
expression were measured by flow cytometry. Representative results as well as mean (SD) of 3 independent experiments are shown. *** p<0.0001; ** p<0.001; *

p<0.05.

https://doi.org/10.1371/journal.ppat.1008906.9001

transcript per cell and were significantly differentially expressed (log2 fold change > 1) in
bryostatin-1 treated cells compared to control (Table 1). Gene ontology analysis of the differ-
entially expressed genes (PANTHER Overrepresentation Test from the GO Ontology data-
base, released 2019-02-02) revealed enrichment in the following biological processes: positive
regulation of cytokine production (p = 1.52E-05), regulation of immune response (p = 2.33E-
05), type I interferon signaling pathway (p = 1.96E-06), interferon-gamma-mediated signaling
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Fig 2. Cell-to-cell variability in BCL2 expression in CD4 T cells. A-C) Single-cell RNAseq (scRNA) was performed on primary CD4 T cells from an ART-suppressed,
HIV positive donor treated with bryostatin or control for 24 hours. A) tSNE plot of whole transcriptome scRNA sequencing showing global gene expression
differences. B) tSNE plot showing BCL2 positive cells (brown) from both the untreated and bryostatin-treated CD4 T cells. C) Violin plots comparing expression of
STAT1 and anti-apoptotic BCL2 family proteins between cells treated with bryostatin and untreated cells. D-E) Western blots showing changes: D) in STAT1 levels
over 24 hours in CD4 T cells with graph showing changes of STAT1 over time (STAT1/actin ratio across 3 replicates). Significance (p<0.0023) was determined using a
linear regression with the slope being significantly non-zero. E) BCL2 expression of bryostatin-treated CD4 T cells over 72 hours. F) Flow cytometry for intracellular
BCL2 expression in T cell subsets was performed. Depicted is aggregated data from (n = 3) HIV positive subjects.

https://doi.org/10.1371/journal.ppat.1008906.9002

pathway (p = 1.10E-08), and the cellular response to interferon-beta (p = 3.20E-05). Surpris-
ingly, no significant changes in anti-apoptotic BCL2-family gene expression [BCL2, BCL2L1
(BCLXL), BCL2L2 (BCLW), MCL1, or BCL2A1] were detected (Fig 2B and 2C).
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Table 1. Differentially expressed genes in primary CD4 T cells treated with bryostatin or diluent.

GeneName Bryostatin Average UMI Untreated Average UMI Log2 Fold Change P-Value

GBP5 1.06882563 0.062958256 4.070992895 4.78E-14
STAT1 2.370611622 0.212568736 3.475283279 1.92E-11
MT2A 3.514036918 0.448154469 2.969409885 9.52E-09
GBP2 3.104829391 0.628228622 2.304148409 1.27E-05
CD74 1.969256691 0.532098811 1.886717424 0.001646
ACTG1 6.883673312 2.006540554 1.778420173 0.001679
ID3 1.053556692 0.328330691 1.680019213 0.004494
IRF1 1.106779846 0.434615059 1.347228404 0.043816

UMI: unique molecular identifier

https://doi.org/10.1371/journal.ppat.1008906.t001

Results from the scRNAseq experiment were validated in three independent ways. First,
one of the most differentially expressed genes in response to bryostatin treatment was STAT1
(log2 fold change > 3, p = 1.92*10™", Fig 2C). In a parallel experiment, we monitored STAT1
protein expression in primary CD4 T cells treated with bryostatin-1 vs. diluent to show that
STAT1 protein expression significantly increased over time (Fig 2D). Second, primary CD4 T
cells treated with bryostatin-1 did not express more BCL2 protein over time as monitored by
western blot (Fig 2E), consistent with our scRNAseq data. Third, PBMCs from HIV-1 positive
donors were assessed for intracellular BCL2 expression in T cell subsets (Fig 2F). Consistent
with the scRNA gene expression data, not every T cell expressed BCL2 protein. Notably, there
were significant differences in frequency of naive and memory CD4 and CD8 T cell subsets
within BCL2 expressing and non-expressing cells (p = 0.0080).

Protein function can also be modified independent of changes in transcription. Previous
studies have shown that BCL2 can be phosphorylated at S70, which increases the ability of
BCL2 to inhibit apoptosis through increased binding to the pro-apoptotic proteins [34,35].
Bryostatin-1 induces phosphorylation of BCL2 at S70 in murine cells [36] and in human leuke-
mic pre-B cells [37]. However, it remains unknown whether PKC agonists inhibit apoptosis by
inducing BCL2 S70 phosphorylation in human CD4 T cells. To investigate this possibility, we
first used primary CD4 T cells from three different donors that were treated with bryostatin or
prostratin or the HDAC inhibitor vorinostat (which did not inhibit apoptosis) and monitored
BCL2-S70 phosphorylation by western blot. Both PKC agonists bryostatin and prostratin sig-
nificantly increased phosphorylation of BCL2 over time (Fig 3A and 3B, p = 0.0009 and
p = 0.02, respectively), whereas vorinostat did not (Fig 3C). Taken together, these data indicate
that PKC activators, but not all types of LRAs, induce phosphorylation of BCL2 at S70 in
human CD4 T cells (Fig 3A-3C).

PKC can signal through ERK or JNK [35], and ERK1/2 is able to directly phosphorylate
BCL2 at §70 [38]. To determine which pathway bryostatin-1 and prostratin use to phosphory-
late BCL2 in CD4 T cells, we pre-treated CD4 T cells with two different PKC inhibitors, sotras-
taurin or GF109203X [39,40]; with an ERK1/2 inhibitor, SCH772984; or with a broad-
spectrum JNK inhibitor, SP600125 [41,42], for one hour prior to treating with bryostatin and
assessing BCL2 phosphorylation status. As expected, both PKC inhibitors prevented bryosta-
tin-1-induced BCL2 phosphorylation (Fig 3D), indicating that PKC activity is required for
bryostatin-1-induced BCL2 phosphorylation (sotrastaurin p = 0.02, and GF109203X p = 0.04).

To confirm that bryostatin-1 was inducing apoptosis resistance through PKC activation,
cells were pre-treated with the PKC inhibitor sotrastaurin for one hour, bryostatin-1 and eto-
poside were added, and cells were imaged for active caspases 3 and 7 over 72 hours. The
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Fig 3. PKC agonists induce ERK-dependent BCL2 phosphorylation. A-C) CD4 T cells treated with 3 different LRAs (A:
bryostatin-1; B: prostratin; C: vorinostat) were assayed for phospho-S70-BCL2 and total BCL2 by western blot. D) Cells treated
with PKC inhibitors GF109203X (GF) or Sotrastaurin prior to treatment with bryostatin-1 were assessed for phosphorylation of
BCL2 S70. E) CD4 T cells were treated with the PKC inhibitor sotrastaurin prior to treatment with bryostatin-1 and etoposide
(ETP). Cells were tracked over 3 days for active caspase 3/7. Graphs show mean (SD) area under the curve for each treatment. *
p<0.05; “* p<0.001. F-G) CD4 T cells treated with bryostatin-1 over an hour or over 24 hours were probed for phospho-ERK1/2
(F) or phospho-JNK (G). Western blots showed increased ERK1/2 phosphorylation but not JNK phosphorylation. H) CD4 T cells
treated with ERK1/2 inhibitor SCH772984 or JNK inhibitor SP600125 (SP) and bryostatin-1 showed loss of BCL2
phosphorylation with SCH772984 but not SP600125.

https://doi.org/10.1371/journal.ppat.1008906.9003

sotrastaurin reversed the resistance to apoptosis induced by bryostatin-1, as cells that were
treated with bryostatin-1 and the PKC inhibitor activated similar amounts of caspases 3/7 over
time as cells that were only treated with etoposide (Fig 3E).

CD4 T cells treated with bryostatin-1 showed rapid ERK1/2 phosphorylation (Fig 3F), but
no JNK phosphorylation within 24 hours (Fig 3G). Furthermore, treatment with the ERK1/2
inhibitor decreased bryostatin-1-induced BCL2 phosphorylation, whereas the JNK inhibitor
did not (Fig 3H, p = 0.008 and n.s., respectively). Together, these data suggest that PKC ago-
nist-induced BCL2 phosphorylation at S70 is dependent upon ERK1/2, but not JNK, and
occurs downstream of PKC activation.

Phospho-BCL2-870 has increased affinity for Casp8p41

Previous studies have shown that phosphorylation on S70 increases the ability of BCL2 to bind
pro-apoptotic BCL2 family members in intact cells and under cell-free conditions. We have
previously reported that HIV protease, when expressed in HIV-infected cells [14], including
those reactivated from latency [18], cleaves cellular procaspase 8 to generate Casp8p41, an
enzymatically inactive N-terminal fragment that induces apoptosis by binding and activating
BAK at the mitochondrial outer membrane [16,17]. Because Casp8p41 can be bound and inac-
tivated by BCL2 [18], we asked whether BCL2 S70 phosphorylation also impacts the interac-
tion of BCL2 with Casp8p41 in cells. Primary CD4 T cells were transfected with HA-Casp8p41
in the presence or absence of bryostatin-1, and immunoprecipitation for BCL2 was performed.
Indeed, bryostatin-1 increased the amount of HA-Casp8p41 bound to BCL2 compared to con-
trol treatment (Fig 4A).

We next sought to determine if phosphorylation of BCL2 strengthened the interaction of
BCL2 with Casp8p41. To do this, we used surface plasmon resonance spectroscopy [18] to
compare the interaction of Casp8p41 with unphosphorylated and S70-phosphorylated BCL2.
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bryostatin or vehicle control. Immunoprecipitation (IP) was performed for BCL2 or control, and immunoblot (IB) for HA and BCL2. (B) SPR sensorgrams
showing the dose-dependent binding of BCL2 (0-100 nM) to Casp8p41. (C) Purified BCL2ATM-His6 was phosphorylated by CDK1/cyclin B in vitro (see
Materials and Methods). The mixture was separated by SDS-PAGE, transferred to nitrocellulose, and stained with fast green FCF, or blotted with anti-phospho-
Ser70-BCL2 antibody. (D) Affinity curves showing the dose-dependent binding of BCL2 and phospho-BCL2-S70 (0-100 nM) to Casp8p41, as indicated by
percentage of total response units (RUs) after background subtraction. (E) Affinities of BCL2 and phospho-BCL2-S70 for Casp8p41 were calculated. P < 0.0106
versus control by unpaired t-test. Error bars, SD of three independent experiments.

https://doi.org/10.1371/journal.ppat.1008906.9004

As we have previously demonstrated [18], BCL2 binds to immobilized Casp8p41 (Fig 4B).
Next, BCL2 was phosphorylated in vitro, as confirmed by immunoblotting with antibody to
phosphor-S70-BCL2 (Fig 4C). Phosphorylated BCL2 interacted more tightly (6.5-fold decrease
in Kp from 260 + 8 nM to 40 + 2 nM) with Casp8p41 (Fig 4D and 4E), highlighting the poten-
tial importance of this post-translation modification in modulating the neutralization of
Casp8p41 and other pro-apoptotic proteins during HIV reactivation in CD4 T cells.
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HIV infected cells have higher BCL2 than uninfected cells

Our previous data indicate that PKC agonists such as bryostatin can inhibit apoptosis in CD4
T cells through BCL2 S70 phosphorylation and activation. However, we have also demon-
strated that not all CD4 T cells express BCL2 (Fig 2B, 2C and 2F). Since PKC agonists do not
increase BCL2 expression in CD4 T cells, BCL2 activation by PKC agonists would only have
relevance to HIV persistence if HIV-infected and/or producing cells express BCL2 indepen-
dent of LRAs. To investigate the latter possibility, primary CD4 T cells from ART-suppressed
HIV-positive subjects were treated with LRAs for 24 hours then co-stained for intracellular
HIV p24 (a marker of HIV transcription and translation) and BCL2. HIV p24 staining
occurred more frequently in BCL2+ compared to BCL2- CD4 T cells (p = 0.0005, Fig 5A and
5B). Importantly, treatment with LRAs did not induce non-specific proliferation or toxicity in
treated cells at 24 hrs (Fig 5C). This suggests that HIV is expressed preferentially but not exclu-
sively in BCL2+ cells.

Next, we questioned whether HIV infection was present more in BCL2+ cells compared to
BCL2- cells. To assess this, we sorted primary CD4 T cells from ART-suppressed HIV-positive
subjects (a setting of minimal HIV replication) based on intracellular BCL2 expression (Fig
5D) and measured total HIV-1 DNA in sorted cells by digital droplet PCR (Fig 5E). There was
no difference in HIV-1 DNA content between cells with no or low BCL2 expression or high
BCL2 expression. Together, these data suggest that viral production (monitored by p24 expres-
sion) occurs more frequently in BCL2+ cells than BCL2- cells despite a similar frequency of
infection (HIV DNA).

Even under suppressive ART, HIV infection causes aberrant immune activation that is
associated with increased NF«B signaling. Because NF«kB can drive BCL2 expression as noted
above, we asked whether T cells from HIV positive patients might express more BCL2 than
healthy controls. In fact, the proportion of T cells with high BCL2 was significantly greater in
CD8" Memory T cells (p = 0.003), CD4* memory T cells (p = 0.002), and total T cells
(p = 0.004), from HIV positive subjects compared to controls (Fig 5F).

Discussion

Results of the present study provide a number of observations that help inform current efforts
to selectively kill HIV-infected cells by viral reactivation. First, CD4 T cells express variable
amounts of the anti-apoptotic BCL2 protein, and CD4 T cells from HIV positive patients
express high levels of BCL2 more frequently than from HIV negative patients. Second, HIV
production is, on the whole, higher in BCL2+ CD4 T cells than in BCL2- T cells despite a simi-
lar infection frequency, suggesting but not proving the possibility that BCL2 expression favors
survival of reactivated, virus producing cells. Third, some latency reversal agents induce resis-
tance to apoptosis; in the case of PKC agonists, this is associated with ERK-dependent BCL2
phosphorylation. Taken together, these observations raise concern that a “kick and kill” strat-
egy, if it is to succeed, must take into account the intrinsic apoptotic milieu of the infected cell
and the potential that an unintended consequence of some LRAs is protection of reactivated
or reactivating infected cells from cell death.

Thus far, the kick and kill strategy of HIV cure has focused on identifying or creating a ther-
apeutic compound that can effectively reactivate HIV-1 from latently infected cells, then allow-
ing the reactivating cell to be killed by host immune mechanisms or through the intrinsic pro-
apoptotic effects of HIV replication. A number of agents are showing promise as latency reacti-
vators. However, these agents are not sufficiently active on their own to markedly diminish the
HIV reservoir, prompting speculation that LRAs will need to be used in combination with
either immune boosting interventions (i.e. therapeutic vaccination, broadly neutralizing
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Fig 5. BCL2+ T cells Occur More in HIV-1* Donors than in Uninfected Donors and Express More p24 than BCL2- cells. A-B) Primary CD4 T cells
from HIV positive donors were treated ex vivo with a panel of LRAs at physiologic concentrations, and assessed for intracellular BCL2 and HIV-p24
expression by flow cytometry. Representative FACS plots on unstimulated and maximally stimulated cells are in (A). Full data are represented in (B). A
ratio paired t test comparing BCL2+ cells and BCL2- cells in all treatment conditions was used to assess statistical significance. C) Potential LRA-
induced proliferation or toxicity was assessed in the treated CD4 T cells from (A-B) by measuring ATP content. D-E) Ex vivo CD4 T cells from 4 ART-
suppressed, HIV positive donors were FACS sorted by intracellular BCL2 expression (D) and total HIV DNA measured in sorted cells by digital droplet
PCR (E). F) PBMCs from healthy donors and HIV-positive persons were stained for T cell subsets using Live/Dead, CD3, CD4, CD8, CD27, and
CD45R0. BCL2 expression in T cell subsets from healthy donors and HIV-infected persons were compared. Statistical significance was determined
using multiple t tests.

https://doi.org/10.1371/journal.ppat.1008906.9005

antibodies, or immune activators such as IL-15), or compounds that promote the death of
HIV infected cells which reactivate (e.g., ixazomib or venetoclax) [18,22,43].

In addition to off-target effects, i.e., unanticipated biologic activities that result from inhibi-
tion of a target other than the intended target and are contrary to the desired therapeutic pur-
pose, new agents or even repurposed drugs can also have unwanted on-target effects. The
induction of tumor lysis syndrome by venetoclax in chronic lymphocytic leukemia, for exam-
ple, represents on-target but unwanted effects [44]. Our current report identifies an unwanted
on-target biologic effect of PKC agonists that run contrary to the desired intent of inducing all
HIV infected cells to die. Previous studies have focused on the individual toxicities of LRAs on
effector cells [23], and not how the LRAs might impact induced cell death in the reactivated
cell. Inhibition of apoptosis by PKC agonists suggests that they too might alter cell death
induced by reactivated HIV, or cell death induced by activated NK or CD8 T cells against an
otherwise susceptible target cell. These unintended effects could contribute to the observed
failure of the “kick and kill” strategy to date. As novel LRAs continue to be described, it will be
critical to more thoroughly identify the biological activities of these drugs prior to initiating
clinical trials.

Efforts to determine the cause of the anti-apoptotic effects of PKC agonists through RNAseq
were unsuccessful. Instead, the answer came from considering posttranslational modifications in
BCL2 family members. While PKC-activated pathways have been previously shown to impact
degradation rates or activity of the BCL2 family proteins MCL1 [45,46] and BCLX|, [47,48], the
present study showed that PKC-family proteins impact BCL2 as well. In particular, treatment
with bryostatin-1 or prostratin enhances BCL2 S70 phosphorylation, a modification that has
been previously documented to increase the anti-apoptotic activity of BCL2 after cytokine treat-
ment [35,36]. This BCL2 S70 phosphorylation results in a 6-fold increase affinity of BCL2 for
Casp8p41, a pro-apoptotic protein generated by HIV-1 protease in cells with virus. This could
help explain why bryostatin-1 promoted one of the highest levels of viral reactivation in the
JLAT 10.6 model for latently-infected cells (Fig 1A) but was not successful at reducing viral loads
in vivo [5]. Unfortunately, vorinostat, which does not inhibit CD4 T cell apoptosis or activate
BCL2, is not a sufficiently potent LRA to reduce HIV reservoir size on its own [3,49] in vivo.

The impact of bryostatin-1-induced BCL2 activation might be especially potent in HIV pos-
itive persons. It has previously been shown that individual HIV proteins (such as Tat) can pro-
mote an anti-apoptotic state through increased BCL2 expression [50] as well as increased NF-
kB signaling [51]. Consistent with these observations, our results and the work of multiple oth-
ers [52-55] indicate that BCL2 expression in CD4 T cells is higher in ART-suppressed HIV
positive persons. Our data suggest that bryostatin-1 may increase the survival of Casp8p41-ex-
pressing cells by increasing the ability of BCL2 to bind [18-22] and neutralize Casp8p41 (Fig
4). Because BCL2 inhibits multiple apoptotic pathways in the context of HIV infection [56], it
is likely that pathways other than Casp8p41-mediated intrinsic apoptosis are also inhibited by
bryostatin-1. Consistent with this notion, we observed that bryostatin-1 also inhibits FAS-
induced apoptosis (Fig 1E).
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There are several potential limitations of our study. First, PKC has different isoforms, and it
is unclear which isoform is responsible for the anti-apoptotic effect of bryostatin-1 in our
study [57]. Second, it is possible that bryostatin-1’s effect on apoptosis may be concentration,
cell type and context dependent [58]. Finally, other bryostatin analogues may have varying
effects on apoptosis sensitivity. All of these questions are worthy of future investigations.

In conclusion, the current study suggests another important caveat to the “kick and kill”
strategy for HIV elimination, specifically the potential for certain LRAs to induce biochemical
changes that enhance survival of reactivated cells. These potential adverse effects should be sys-
tematically evaluated in all novel potential latency reversal agents in order to ensure that the
“kill” of HIV infected cells remains a possible goal.

Materials and methods
Cell isolation and culture

Primary uninfected PBMCs were isolated from leukocyte reduction system chambers [59] and
CD4 T cells were isolated using the RosetteSep CD4 negative selection kit (Stem Cell Technol-
ogies, Vancouver, Canada) per the manufacturer’s protocol. Cells were then separated using
Ficoll Paque density gradient centrifugation. Cells were cultured in RPMI 1640 medium with
10% FBS, 2 mM L-glutamine, 100 units/mL penicillin and 100 ug/mL streptomycin (complete
RPMI). PBMC:s from HIV positive subjects were obtained through two Mayo Clinic-approved
IRB protocols (13-005646 and 16-001938). All subjects were virologically suppressed on com-
bination antiretroviral therapy and provided written informed consent. PBMCs were isolated
from leukapheresis samples using a Ficoll Paque density gradient. CD4s were isolated from
PBMC:s using an EasySep CD4 enrichment negative selection kit or RosetteSep CD4 enrich-
ment kit (Stem Cell Technologies) and by following the manufacturer’s protocol. J-Lat 10.6
cells [26] were obtained from the NIH AIDS Reagent Program (Catalogue #9849).

Key reagents

For all experiments, latency reversal agents (LRAs) were used at the following concentrations:
50 ng/mL PMA, 500 ng/mL Ionomycin, 500 nM vorinostat, 15 nM panobinostat, 10 ng/mL
bryostatin-1, 1 uM prostratin, based on previous literature [60-63]. Cellular ATP measure-
ment was performed using the CellTiter-Glo Luminescent Cell Viability Assay (Promega) per
manufacturer’s protocol.

IncuCyte live-cell imaging

96-well plates were coated using poly-L-ornithine and washed with sterile PBS. Cell cultures
were diluted to 5 x 10* or 2 x 10° cells/mL using complete RPMI and pre-treated for 24 hours
with LRAs. In experiments involving PKC inhibitors, cells were cultured overnight in RPMI
1640 medium with 2% human AB serum, 2 mM L-glutamine, and 100 units/mL penicillin
(RPMI-AB). Prior to plating cell death experiments, IncuCyte Caspase 3/7 reagent was added
to culture at a 1:3000 dilution. 200 uL of cell culture were plated per well in each well. Imaging
was done every 2 hours for the duration of the experiment, up to 72 hours. Images were ana-
lyzed using IncuCyte Zoom software (Essen Bioscience Inc., GUI version 2018A).

HIV infection experiments

CD4 T-Cells were isolated from a donor sample using the Rosette Sep negative selection kit
(Stem Cell Technologies, Vancouver, Canada). Autologous NK cells were isolated from the
same blood sample using the Rosette Sep Negative selection kit (Stem Cell Technologies,
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Vancouver, Canada). CD4 T-cells were activated for 48 hours in complete RPMI supple-
mented with 2 ug/ml PHA and 50 U/ml IL-2. The cells were washed and subsequently infected
with HIV IIIB (NIH AIDS reagent) for 48 hours. NK Cells were maintained in RPMI + 50U/
ml IL-2 at 37° C and the medium was refreshed at 72 hours. At 96 hours, the CD4 T-Cells
were washed and re-suspended in fresh medium at a concentration of 1x10° cells/ml. The cells
were cultured for six hours with either no treatment, DMSO (vehicle control) or 10 ng/ml
bryostatin. Subsequently, 1x10° cells were cultured per condition either alone or with anti-Fas
agonistic CH11 antibody at a dose of 1 pg/ml or 500 ng/ml. The dose of 10 ng/ml bryostatin
was maintained throughout the duration of the experiment. The cells were collected at 48
hours post co-culture and stained with Live/Dead FITC fixable stain (Invitrogen) and fixed
overnight with 2% PFA. The cells were subsequently permeabilized with 0.1% NP40, stained
intracellularly with p24-PE mouse monoclonal antibody (Clone KC57, Beckman Coulter) and
fixed with 2% PFA and analyzed by flow cytometry.

Digital droplet PCR (ddPCR) for HIV DNA was measured as previously described [22].

Protein expression and purification

Plasmids encoding glutathione S-transferase (GST)-Casp8p41 in pGEX and Hiss-tagged-
tagged Bcl-2ATM in pET29b have been described previously [15,64]. To express tagged
Casp8p41 [17] or Bcl-2ATM, plasmids were transformed into E. coli BL21 by heat shock. After
cells were grown to an optical density of 0.8, 1 mmol/L IPTG (isopropyl-1-thio-B-1-D-galacto-
pyranoside) was added to the induce protein synthesis at 18°C for 24 hours. Bacteria were fro-
zen and thawed on ice; suspended in calcium- and magnesium-free Dulbecco’s phosphate
buffered saline (PBS) containing 0.1% Triton X-100, and 1 mM PMSF (GST-tagged proteins).
Alternatively, bacteria expressing Hiss-tagged proteins were then washed and sonicated on ice
in TS buffer [150 mmol/L NaCl containing 10 mmol/L Tris-HCI (pH 7.4) and 1 mmol/L
freshly added PMSF]. All further steps were performed at 4°C. After Hiss-tagged proteins were
applied to Ni**-NTA-agarose, columns were washed with 20 volumes of TS buffer followed by
10 volumes of TS buffer containing 40 mmol/L imidazole and eluted with TS buffer containing
200 mmol/L imidazole. After GST-tagged proteins were incubated with GSH-agarose over-
night, beads were washed twice with 20-25 volumes of TS buffer and eluted twice with TS con-
taining 20 mmol/L GSH for 30 minutes at 4°C.

In vitro phosphorylation and mass spectrometry

To achieve a high degree of modification at Ser’’, 2.5 ug purified BCL2ATM-His6 was incu-
bated with 1 pg purified CDK1/cyclin B complex (Millipore, cat 14-450) at 30°C for 2 hours in
buffer containing 2 mM ATP, 2 mM MgCl,, 1 mM EDTA, 5% glycerol, 0.01% Brij-35, 0.1%
2-mercaptoethanol, 0.25 mM DTT, and 10 mM MOPS/NaOH (pH 7.0). Aliquots of the reac-
tion mixture were subjected to SDS-PAGE, transferred to nitrocellulose, stained with fast
green, and blotted with anti-phospho-S70-BCL2 or subjected to trypsin digestion followed by
nano-LC/MS-MS using an Thermo Ultimate 3000 RSLCnano HPLC system coupled with a
Thermo Scientific QExactive HF-X mass spectrometer (Thermo Scientific, Bremen, Germany)
to identify phosphorylation sites (Mayo Clinic Proteomics Core, Rochester, MN).

Surface plasmon resonance (SPR)

All proteins for SPR were concentrated in a centrifugal concentrator (Centricon; EMD Milli-
pore), dialyzed against Biacore buffer [150 mM NaCl, 0.05 mM EDTA, 0.005% [wt/vol] Poly-
sorbate 20, and 10 mM Hepes (pH 7.4)], and stored at 4°C for <48 h before use. Binding

assays were performed at 25°C on a Biacore T200 SPR analyzer (GE Healthcare). Hiss-tagged
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Casp8p41 protein (0.2 mg/mL) was immobilized on CM5 S chip (BR-1000-34) at a flow of

10 pL/min and reached a level of 6000-7000 resonance units (RU). BCL2 or phospho-
S70-BCL2 at concentrations from 0-500 nM in Biacore buffer was passed over the chip surface
at flow rate of 30 pl/min for 90 s, allowed to dissociate for 10 min and then desorbed with con-
secutive injections of 2 M MgCl, and 1 M NaCl. Kinetic analysis of SPR data was performed
using BiaEvaluation (GE). Sensograms were subtracted for background contributions, and
affinity constants were derived using a steady state affinity fitting 1:1 interaction model.

Western blot analysis

Prior to treatment, cells cultured for use in the phospho-protein blots were cultured overnight
in RPMI-AB. Cell lysates were run on 10% or 12% SDS-PAGE and transferred to PVDF mem-
brane. Blots for phospho-proteins were blocked with 5% BSA in Tris-buffered saline with 0.2%
Tween (TBST) or blocked with 5% dried milk in TBST. Following blocking, primary antibody
was added to blocking solution and blots incubated for at least two hours. The membranes
were then washed and probed with a secondary antibody conjugated to HRP in blocking solu-
tion for at least an hour, washed again and exposed using SuperSignal West Pico PLUS chemi-
luminescent substrate. When re-probed, membranes were first stripped using 6 M guananine
HCI [65].

The following antibodies were used for probing: Phospho-S70-BCL2 [Clone 5H2] rabbit
mADb, phospho-ERK1/2 (P-p44/42 MAPK) (T202/Y204) [clone D13.14.4E XP(R)] rabbit mAb,
ERK1/2 (p44/42 MAPK) [Clone L34F12] mouse mAb, phospho-SAPK/JNK (T183/Y185)
[Clone G9] mouse mAb, SAPK/JNK rabbit Ab, and GAPDH [Clone 14C10] rabbit mAb from
Cell Signaling Technology (Danvers, MA); and STAT1 [Clone E-23X] rabbit Ab and BCL2
[C21] rabbit polyclonal IgG from Santa Cruz Biotechnology (Dallas, TX).

Immunoprecipitation

Activated CD4 cells (as mentioned above) were transfected with Casp8p41-HA expression vec-
tor using Lanza Nucleofector IIb system. One hour after electroporation, cells were treated
with Z-VAD-fmk (10 pM) and Ixazomib (100 nM) for 4 h (to prevent protein degradation and
cell death induced by Casp8p41 expression), followed by treatment with or without bryostatin
(10 ng/ml) for an additional 1 h. Cells were collected and washed and lysis with cell lysis buffer
(20 mM Tris, pH 7.5, 150 mM NaCl, 1.0% Tween-20, protease and phosphatases inhibitors).
Five hundred micrograms of total cell lysate were diluted in 500 ul of buffer, precleared with
25 pl Protein A/G agarose (Santa Cruz). Precleared lysate incubated with Anti-HA matrix (cat
# 11815016001, Roche, Germany) or 2 ug anti-BCL2 (SC-509, Santa Cruz) or mouse IgG for
overnight at 4C. After incubation, 20 pl of protein A/G agarose was added to the appropriated
samples, and complexes were washed five times in IP buffer (20 mM Tris, pH 7.5, 300 mM
NaCl, 1.0% Tween-20, protease and phosphatases inhibitors) and boiled in 20 pl 2x
SDS-PAGE loading bulffer, subjected to SDS-PAGE, and immunoblotted with HA-HRP anti-
body (Roche) or BCL2 antibody.

Flow cytometry

For experiments measuring BCL2 in cellular subsets, PBMCs were washed in PBS and then
stained for surface markers. Following surface staining, cells were fixed in 2% paraformalde-
hyde, washed in PBS, resuspended in a staining buffer (0.1% NP40, 5% BSA in PBS) and
stained for intracellular markers (BCL2). The following reagents were used for staining: Live/
Dead Fixable Aqua Dead Cell Stain Kit [Invitrogen, Waltham, MA], mouse anti-human
CD3-AF700 [BD Biosciences, San Diego, CA/Clone SP34-2), mouse anti-human CD4-APC
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[eBioscience, Watham, MA/Clone RPA-T4], mouse anti-human CD8-Pacific Blue [BD Biosci-
ence/Clone RPA-T8], mouse anti-human CD27-PE [BD Biosciences/Clone M-T271], mouse
anti-human CD45RO-ECD [Beckman Coulter, Brea, CA/Clone UCHL1], mouse anti-human
BCL2 FITC [Dako/Clone 124], or normal mouse IgG1 FITC [Santa Cruz Biotechnology, Inc.].
Following staining for 1 hour, cells were washed in PBS and fixed in 2% PFA.

For experiments examining p24 and BCL2 simultaneously, PBMCs from HIV positive sub-
jects were fixed with 2% PFA, washed with PBS, and permeabilized with staining buffer. The
following antibodies were then used for staining in addition to the afore-mentioned BCL2
antibody and mouse IgG; FITC: Normal Mouse IgG, PE [Santa Cruz Biotechnology, Inc.] and
mouse p24-PE [Beckman Coulter/KC57-RD1]. Following staining for 1 hour, cells were
washed in PBS and fixed in 2% PFA. 20,000 events per sample were collected.

Flow cytometry was performed using BD FortessaX20, BD LSRII or BD FACSCalibur flow
cytometers, and results were analyzed with Flow]Jo v10.2 software (Tree Star, Inc).

Casp8p41 transfection

Primary CD4+ T cells from healthy donors were treated with LRA for 20 hours and transfected
with plasmids encoding empty vector-GFP or Casp8p41-GFP [18] using an Amaxa Human T
Cell Nucleofector kit (Lonza Bioscience, Basel, Switzerland) per the manufacturer’s protocol.
Transfected cells were transferred back into the conditioned medium.

Single-Cell RNA-Seq data processing and integration analyses

cDNA libraries (prepared with 10X Genomics single cell reagent 3’ v2) were sequenced on an
IMlumina HiSeq 4000 with paired-end 100bp reads. 10X Genomics Cell Ranger Single Cell Soft-
ware Suite (v2.2.0) was used to demultiplex raw base call (BCL) files generated from the
sequencer into FASTQ files and to perform alignment to the GRCh38 genome, filtering, bar-
code counting and UMI counting. This analysis was done at the sample level and the output
files were used for downstream analyses.

Integrated analysis of two samples was performed in R using the Seurat package (v2.0) [66].
Genes expressed in fewer than 3 cells and cells with <200 or >3500 genes and more than 40%
mitochondrial genes were excluded for subsequent analysis in each sample. Each dataset was
normalized with a scale factor of 10* and log,-transformed. Common sources of variation
between the two datasets were identified in a shared correlation space by performing a Canon-
ical Correlation Analysis (CCA) on the common highly variable genes (HVGs) of the two pre-
processed dataset (top 1000 in each dataset). We used the function FindClusters to implement
a graph-based clustering algorithm on the first 20 Canonical Correlation vectors (CCs) with
resolution of 0.4, 0.6 and 0.8 and a resolution of 0.6 was chosen as optimal for the analysis. t-
distributed stochastic neighbor embedding (t-SNE) plots were used to visualize a two-dimen-
sional representation of the cell types. We used the function FindConservedMarkers to iden-
tify enriched genes in each cluster that were conserved across the two conditions and the
function FindMarkers to find genes in a cluster that are differentially expressed between the
two samples.

Statistical analysis

Graphs were made using GraphPad Prism 6 (GraphPad, Inc) and present means + the stan-
dard deviation unless otherwise stated. tSNE plots were made using Loupe Cell Browser 2.0
(10X Genomics, Inc.). Statistical analyses were performed using GraphPad Prism and the

types of test used for analysis are listed in the corresponding figure legends. P values < 0.05
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were considered significant. Gene ontology was performed using the PANTHER overrepre-
sentation test and Fischer’s Exact test and the Bonferroni correction for multiple testing.
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