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A sterilizing or functional cure for HIV is currently precluded
by resting CD41 T cells that harbor latent but replication-
competent provirus. The “shock-and-kill” pharmacological ap-
proach aims to reactivate provirus expression in the presence of
antiretroviral therapy and target virus-expressing cells for elim-
ination. However, no latency reversal agent (LRA) to date effec-
tively clears viral reservoirs in humans, suggesting a need for
new LRAs and LRA combinations. Here, we screened 216 com-
pounds from the pan-AfricanNatural Product Library and iden-
tified knipholone anthrone (KA) and its basic building block
anthralin (dithranol) as novel LRAs that reverse viral latency at
low micromolar concentrations in multiple cell lines. Neither
agent’s activity depends on protein kinase C; nor do they inhibit
class I/II histone deacetylases. However, they are differentially
modulated by oxidative stress and metal ions and induce distinct
patterns of global gene expression from established LRAs. When
applied in combination, both KA and anthralin synergize with
LRAs representingmultiple functional classes. Finally, KA induces
both HIV RNA and protein in primary cells from HIV-infected
donors. Taken together, we describe two novel LRAs that enhance
the activities of multiple “shock-and-kill” agents, which in turn
may inform ongoing LRA combination therapy efforts.

The use of combination antiretroviral therapy (cART) has
been a resounding success in terms of reducing HIV/AIDS-
related morbidity and mortality as well as HIV transmission
(1). As of 2018, 23.3 million people living with HIV, or 62% of
the global HIV/AIDS burden, were reliably accessing cART
(UNAIDS (2019) Global HIV & AIDS statistics—2019 fact
sheet; https://www.unaids.org/en/resources/fact-sheet; ac-
cessed September 11, 2019). However, cART does not cure
HIV due to resting CD41 T cells that persistently bear inte-
grated and immunologically invisible provirus. As these

persistent proviral reservoirs can reactivate at any time to
produce infectious virus, cART must be taken for life (2–5).
One method toward developing a sterilizing or functional HIV

cure involves use of latency reversal agents (LRAs) that induce
HIV-1 provirus expression. HIV reactivation, coupled with
immunotherapy support (6), could render infected cells “visible”
to the host immune system, whereas co-administration of cART
would prevent further seeding of viral reservoirs (7, 8). This
approach, frequently termed “shock-and-kill,” could theoretically
eliminate an individual’s viral reservoir and/or reduce the viral
reservoir to a point that cART-free remission is achievable, pro-
vided that sufficiently effective LRAs and immune enhancers can
be identified. Numerous LRAs have been described, representing
different functional classes. The majority represents protein ki-
nase C (PKC) activators and histone deacetylase (HDAC) inhibi-
tors, although agents that act by other mechanisms, such as BET
bromodomain and DNA methyltransferase inhibition, have also
been intensively studied (9, 10). However, LRAs tested to date in
humans have shown limited clinical success due to extensive tox-
icity, poor efficacy, inconsistent viral reactivation, and/or insuffi-
cient engagement of cellular “kill”mechanisms (9, 11). New LRA-
based strategies are likely to be needed to circumvent these issues.
Toward this goal, several groups report that combinations of

LRAs from different functional classes can synergistically
enhance latency reversal (12–14). For example, Jiang et al. (14)
described that the PKC activator ingenol-3-angelate (PEP005)
and the BET bromodomain inhibitor JQ1, which each alone
stimulated an ;25-fold increase in HIV transcription in vitro,
could induce a 250-fold increase when applied in combination.
Similar results are also reported using primary CD41 T cells
from HIV-infected donors (12–14). These observations suggest
that optimized LRA combinations may promote broader la-
tency reversal at lower concentrations, thereby maximizing vi-
rus reactivation while limiting drug toxicities and other off-tar-
get effects. Thus, discovery of LRAs that enhance the activities
of existing LRA clinical candidates would support efforts to
identify optimized LRA combinations.
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Pure compounds isolated from natural products are a rich
source of unique chemical diversity and new LRAs. For exam-
ple, we previously screened a library of 257 compounds origi-
nating from marine natural products and identified four (1.6%)
that reversed HIV latency in both cell line and primary cell
models (15). LRA “hit” rates of 1.0% or more have also been
reported by others (16, 17). Based on these observations, we
hypothesized that new LRAs that can enhance the activities of
existing agents could be isolated from additional natural prod-
uct–based compound libraries. Here, we describe the results of
a screen of the pan-African Natural Product Library (pAN-
APL), which contains compounds originating fromAfricanme-
dicinal plants (18, 19). From this screen, we identified and char-
acterized knipholone anthrone (KA), in addition to its
synthetic analog anthralin (dithranol), as novel LRAs that syn-
ergize with establishedHIV latency reversal agents.

Results

Discovery of novel LRAs from pure natural products

To identify new LRAs from natural product sources, we used
the Jurkat-derived J-Lat 9.2 cell line, which contains a noninfec-
tious HIV provirus where premature stop codons are engi-
neered into env and where nef is replaced with a GFP reporter
(20). Detection of GFP in these cells, as measured by flow
cytometry, thus indicates HIV provirus expression. Using this
assay, we screened 216 pure compounds from the pANAPL at 5
mg/ml for 24 h and identified one compound, KA (Fig. 1), which
at 5 mg/ml (;12 mM) induced GFP expression in 6.1 6 5.2% of
cells (mean 6 S.D.). Based on this observation, we then
screened 16 additional anthrones from pANAPL and commer-
cially available sources at 10 mM (Fig. S1) and observed that
anthralin (dithranol; Fig. 1) also induced 6.96 2.4% GFP-posi-
tive cells. A third anthrone, prinoidin (Fig. 1), was also observed
to induce 2.8 6 0.7% GFP-positive cells; however, it was not
explored further due to its limited availability. No other
assessed anthrones induced latency reversal. KA and anthralin
were therefore selected for further study.

KA and anthralin reverse HIV latency in multiple in vitro cell
models

To investigate the in vitro latency reversal properties of these
anthrones in detail, we next measured the dose-response pro-
files of KA and anthralin in live J-Lat 9.2 cells. In parallel, we

also assessed the activities of control LRAs, including the PKC
activator prostratin and the HDAC inhibitor panobinostat.
Examples of latency reversal in J-Lat 9.2 cells, as measured by
GFP expression, are shown in Fig. 2A. In these studies, treat-
ment of J-Lat 9.2 cells with 10 mM prostratin induced 15.8 6
2.7% GFP-positive cells, whereas stimulation with 0.3 mM pano-
binostat resulted in 40.56 3.8% GFP-positive cells (Fig. 2B). In
contrast, 10 mM KA resulted in 7.1 6 1.6% GFP-positive cells,
whereas 10 mM anthralin induced 7.2 6 0.5% positive cells.
Using the approach of Hashemi et al. (21) and normalizing to
the average GFP response for 10 mM prostratin as described
previously (15), the relative EC50 values for prostratin, panobi-
nostat, KA, and anthralin were calculated to be 5.4 6 1.4,
0.146 0.02, 10.46 1.0, and 12.16 1.7mM, respectively (Table 1).
To investigate whether latency reversal due to KA and

anthralin was independent of the proviral integration site in J-
Lat cells, we next assessed their dose-response profiles in the
related cell lines J-Lat 8.4 and J-Lat 10.6 (Fig. 2, C and D).
Whereas results were broadly consistent with those from J-Lat
9.2 cells, a few differences were observed. For example, whereas
10 mM prostratin induced 5.0 6 1.1% GFP-positive, live J-Lat
8.4 cells, 0.3 mM panobinostat induced GFP in only 1.4 6 0.9%
of J-Lat 8.4 cells, indicating that this cell line is less responsive
to this HDAC inhibitor. In contrast, KA and anthralin induced
5.0 6 2.5 and 1.8 6 0.8% GFP-positive live cells, respectively
(Fig. 2C). When normalized to 10 mM prostratin, the relative
EC50 values of prostratin, panobinostat, KA, and anthralin were
5.06 0.9, 0.466 0.12, 7.46 2.6, and 12.66 1.9mM, respectively
(Table 1). Similarly, in live J-Lat 10.6 cells, which in our hands
(and as described previously (23, 24)) induced spontaneous
GFP expression in 7.6 6 0.2% of cells and as described previ-
ously (22, 23), 10 mM prostratin induced 76.06 0.8% GFP-posi-
tive cells, whereas 0.3 mM panobinostat induced GFP in 23.76
1.8% of cells. Comparatively, 36.2 6 13.7 and 30.8 6 2.4% of
cells were induced by 10 mM KA and anthralin, respectively
(Fig. 2D). When normalized to 10 mM prostratin, we recorded
relative EC50 values of 1.9 6 0.9, 0.64 6 0.09, 16.0 6 5.5, and
16.2 6 1.2 mM for prostratin, panobinostat, KA, and anthralin
(Table 1). The observation that the latency reversal properties
of KA and anthralin are broadly consistent across multiple cell
lines suggests that their activities are not dependent on specific
proviral integration sites, at least in Jurkat-derived T cell lines.
To determine whether KA and anthralin’s latency reversal

was independent of cell type, we next treated OM-10.1 cells,

Figure 1. Structures of identified LRAs.Ă
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which are derived from HL-60 promyelocyte cells and contain
an integrated, replication-competent provirus. Similar to J-Lat
10.6 cells, we observed that OM10.1 cells spontaneously
expressed p24Gag protein in 2.1 6 0.2% of cells. Treatment of
OM-10.1 cells with 10 mM prostratin for 24 h stimulated virus

expression in 62.46 4.4% of live cells, whereas 0.3 mM panobi-
nostat induced provirus expression in only 12.06 4.5% of cells.
Notably, 10 mM KA elicited only 3.36 0.7% p24Gag-positive live
cells, whereas 10mM anthralin induced 5.26 1.2% p24Gag-posi-
tive live cells (Fig. 2E). Whereas improved responses were
observed with 30 mM KA (27.4 6 6.5% p24Gag-positive live
cells), extensive toxicity precluded measurements of 30 mM

anthralin. When normalized to 10 mM prostratin, the rela-
tive EC50 values for prostratin, panobinostat, KA, and
anthralin were 2.7 6 1.0, 1.6 6 0.5, .30, and .30 mM,
respectively (Table 1). Thus, KA and anthralin may more
effectively reverse latency in T cell–derived lines. Taken to-
gether, these results suggest that both KA and anthralin
induce provirus expression across multiple cell lines and
proviral integration sites, although KA and anthralin’s activ-
ities varied, depending on the cell line.

Figure 2. KA and anthralin reverse HIV latency in vitro. A, representative flow cytometry data showing latency reversal, as measured by GFP expression, in
J-Lat 9.2 cells. Values indicate percentage GFP-positive cells for each condition. B–D, dose-response profiles of control LRAs panobinostat and prostratin, in
addition to KA and anthralin, are shown in J-Lat 9.2 (B), J-Lat 8.4 (C), and J-Lat 10.6 (D) T cells. E, dose-response profiles of LRAs in OM10.1 promyeloid cells, as
measured by cellular expression of viral p24Gag protein.Dotted lines in C andD indicate baseline levels of spontaneous latency reversal. Error bars, S.D.

Table 1
Relative activities of LRAs in vitro. Data are presented as relative
EC50 values (in mM) normalized to the average GFP response for 10
mM prostratin (i.e. the concentration required to induce 50% of the
signal observed by 10 mM prostratin) (21)

Cell line Prostratin Panobinostat KA Anthralin

mM mM mM mM
J-Lat 9.2 5.46 1.4 0.146 0.02 10.46 1.0 12.16 1.7
J-Lat 8.4 5.06 0.9 0.466 0.12 7.46 2.6 12.66 1.9
J-Lat 10.6 1.96 0.9 0.646 0.09 16.06 5.5 16.26 1.2
OM10.1 2.76 1.0 1.66 0.5 .30 .30

Anthrones as HIV latency reversal agents

14086 J. Biol. Chem. (2020) 295(41) 14084–14099



Effects of KA and anthralin on apoptosis and cell activation
markers

To directly assess the impact of KA and anthralin on cell vi-
ability, we next treated Jurkat cells (the parental cell line of
J-Lat cells) with LRAs as described above. Following treat-
ment, cells were then assessed for surface expression of the
early apoptotic marker annexin V by flow cytometry. Fig. 3A
shows representative results of apoptotic cells in the pres-
ence of LRAs, where control data are consistent with previ-
ous results (15), whereas Fig. 3B shows dose-response pro-
files where data were normalized to the percentage of

apoptotic cells in control cell cultures treated with 0.1%
DMSO. In this assay, 10 mM prostratin induced only a 1.8 6
0.4-fold increase in apoptosis, whereas 0.3 mM panobinostat
induced a 4.66 1.4-fold increase, consistent with our previ-
ous results (15). Like panobinostat, both KA and anthralin
also induced apoptosis: for example, 10 mM KA resulted in a
3.4 6 0.6-fold increase in apoptotic cells, whereas 10 mM

anthralin caused a 5.6 6 1.1-fold increase (Fig. 3B). These
results suggest that, like the HDAC inhibitor panobinostat,
both KA and anthralin induce apoptosis in vitro at concen-
trations that also induce latency reversal.

Figure 3. Effects of LRAs on in vitro cell viability and expression of cell activationmarkers. A, representative flow cytometry data showing Jurkat cell apo-
ptosis, as measured by annexin V detection. Values indicate percentage of annexin-positive cells. B, dose-response profiles of panobinostat, prostratin, KA,
and anthralin on apoptosis in Jurkat cells. Data are presented as -fold increase in annexin V–positive cells relative to cells treated with 0.1% DMSO (dotted line).
C and D, representative flow cytometry data showing Jurkat cells stained for CD69 (C) or CD25 expression (D). Values indicate percentage of CD69- or CD25-
positive cells, respectively. E and F, dose-response profiles of LRAs on CD69 (E) and CD25 (F) expression in Jurkat cells. Data are presented as -fold increases in
eachmarker relative to cells treated with 0.1% DMSO (dotted lines). Error bars, S.D.
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To assess whether KA and anthralin may also affect T cell
activation, Jurkat cells were treated with LRAs for 24 h and
stained for the T cell activationmarkers CD69 and CD25. Fig. 3
(C and D) shows representative results of CD69 and CD25
expression in live-gated Jurkat cells in the presence of LRAs,
respectively, whereas Fig. 3 (E and F) shows dose-response pro-
files normalized to marker expression in control cells treated
with 0.1% DMSO. As expected, based on previous observations
(24, 25), 10 mM prostratin induced a 7.2 6 4.0-fold increase in
CD69 expression, relative to cells treated with 0.1% DMSO,
whereas no detectable increase in CD69 expression was
observed with any concentration of panobinostat (Fig. 3E).
Notably, 10 mM KA induced a 9.3 6 6.4-fold increase in CD69
expression, whereas 30 mM induced an up to 22.5 6 7.1-fold
increase. In contrast, 10 mM anthralin induced only a 2.06 0.6-
fold increase in CD69-positive cells, whereas 30 mM induced a
6.46 4.4-fold increase. Also consistent with previous observa-
tions (24, 25), 10 mM prostratin induced an 11.8 6 1.3-fold
increase in CD25 expression, whereas no more than a 2.0 6
0.8-fold increase in CD25 expression was observed with 0.3 mM

panobinostat (Fig. 3F). However, neither KA nor anthralin
induced CD25 expression to levels approximating those of
prostratin: no increase was observed for KA at any concentra-
tion, whereas 10 mM anthralin induced only a maximal 3.6 6
2.2-fold increase. These observations indicate that KA is a par-
ticularly potent inducer of at least a subset of T cell activation
markers in vitro, whereas anthralin can also induce T cell acti-
vationmarkers at high concentrations.

KA and anthralin do not function as PKC activators or HDAC
inhibitors

To date, numerous LRAs have been reported to act through
twomajor cellular pathways: PKC activation andHDAC inhibi-
tion (9, 10). To determine whether KA and anthralin function
as PKC activators, we asked whether their activities in live J-Lat
9.2 cells were antagonized by the pan-PKC inhibitor GÖ-6983
(26). Following a 24-h treatment with LRAs, additional co-
treatment with 1 mM GÖ-6983 resulted in complete suppres-
sion of GFP expression induced by a 10 mM concentration of
the PKC activator prostratin (0.4% GFP-positive cells relative
to cells treated with only prostratin), but not by a 0.3 mM con-
centration of the HDAC inhibitor panobinostat (Fig. 4A). Fur-
thermore, no loss of GFP expression was observed when 1 mM

GÖ-6983 was added to J-Lat cultures treated with either 10 mM

KA or anthralin (in both cases, .95% of cells treated without
GÖ-6983 maintained GFP). This indicates that KA and anthra-
lin do not function as PKC activators in vitro.
To assess whether KA and anthralin function as HDAC

inhibitors, we used a commercially available HDAC-Glo I/II
assay kit, which quantifies class I and II HDAC activity in live
Jurkat cells via a cell-permeable, acetylated, luminogenic pep-
tide substrate. With this approach, HDAC inhibitors should
antagonize cellular deacetylation of the fluorogenic substrate
and reduce luminescence readout. As expected, panobinostat
was a potent cellular HDAC inhibitor in this assay: 0.1 mM

inhibited 96.4 6 1.2% of luminescence, whereas 0.3 nM inhib-
ited 52.5 6 1.2% (Fig. 4B). In contrast, up to 30 mM prostratin

did not affect cellular HDAC activity. Similarly, neither KA nor
anthralin had any activity at up to 30 mM, indicating that these
LRAs also do not function as HDAC inhibitors in vitro.

Latency reversal by KA and anthralin are regulated by
reactive oxygen species and/or metal ions

Both KA and anthralin are reported to promote oxidative
stress in cells (27–29). KA is also reported to chelate metal ions
(27). If one or more of these properties are required by KA or
anthralin for latency reversal, then blocking these pathways
should antagonize these LRAs. To test this hypothesis, we first
treated J-Lat 9.2 cells with 10 mM prostratin, 0.1 mM panobino-
stat, 10 mM KA, or 10 mM anthralin for 24 h in the presence or
absence of modulators of oxidative stress or free metal ions
(Fig. 5). Modulators included GSH (a scavenger of reactive oxy-
gen species), deferoxamine (an iron chelator), and bathocu-
proine (a Cu(I) chelator).
In the presence of increasing concentrations of GSH, we

observed that anthralin-induced GFP, but not GFP induced by
KA, prostratin, or panobinostat, was inhibited (Fig. 5A).
Whereas complete inhibition of anthralin’s activity was not
observed, treatment of J-Lat 9.2 cells with 100mMGSH reduced
anthralin-dependent latency reversal to 45.0 6 6.5% of cells
treated with anthralin in the absence of GSH. In contrast, no in-
hibition of KA was observed with GSH concentrations as high
at 3 mM. GSH in the absence of LRAs had no effect on GFP
expression (data not shown). These observations suggest that
the latency reversal properties of anthralin, but not KA or con-
trol LRAs, are dependent on cellular oxidative stress.
In contrast, treatment of J-Lat 9.2 cells with increasing con-

centrations of deferoxamine resulted in enhanced latency re-
versal when co-incubated with KA, where 300 mM boosted the
activity of 10 mM KA to 130.7 6 10.6% of cells expressing GFP
in the absence of deferoxamine (Fig. 5B). In the presence of 10
mM anthralin, 300 mM deferoxamine caused a 2.6 6 0.4-fold
increase in GFP expression relative to cells treated with anthra-
lin alone. In contrast, both prostratin and panobinostat were
slightly inhibited by 300 mM deferoxamine (69.5 6 3.9 and
77.1 6 17.1% GFP-positive cells, respectively). These results
suggest that the activities of both KA and anthralin are either
inhibited by iron ions or otherwise stimulated by deferoxamine
in vitro.
Finally, treatment of cells with 100 mM bathocuproine inhib-

ited GFP expression induced by 10 mM KA, where only 39.6 6
11.8% of GFP-positive cells were observed relative to KA-
treated cells without bathocuproine. This suggests that KA’s
activity depends on the presence of copper ions. GFP expres-
sion induced by anthralin and panobinostat was also affected
by 100 mM bathocuproine (50.2 6 24.6 and 21.9 6 17.1% of
GFP expression, respectively; Fig. 5C), suggesting that their ac-
tivity is also dependent on copper. In contrast, prostratin’s ac-
tivity was enhanced in the presence of bathocuproine, where,
for example, 100 mM boosted GFP expression to 159.16 44.4%
of cells treated with prostratin alone. Taken together, these
results suggest that the latency reversal properties of anthralin
are dependent on both oxidative stress and metal ions, whereas
KA’s properties are dependent only onmetal ions.
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KA and anthralin induce distinct gene expression profiles in
vitro

To identify potential mechanisms by which KA and anthralin
may induce HIV transcription in vitro, we next treated three in-
dependent preparations of J-Lat 10.6 cells for 24 h with 0.1%
DMSO vehicle control, prostratin (10 mM), panobinostat (0.1
mM), or KA or anthralin (10 mM). Cells were then harvested for
RNA extraction, and global transcriptional profiles were
assessed by RNA-Seq. High-quality sequence data were ob-
tained for all samples with the potential exception of cells
treated with anthralin, which contained ;21.5% of total tran-
scriptome reads observed in other samples, which was sugges-
tive of cellular toxicity. From these data, we identified a total of
8707 unique differentially expressed genes (false discovery rate
(FDR), 5%) affected by at least one treatment when compared
with DMSO-treated samples. Anthralin and panobinostat had

the largest effects on overall transcription with overlap of over
2000 genes (Fig. 6A).
The four sets of genes affected by each individual treatment

were then analyzed for enrichment of canonical pathways using
Ingenuity Pathway Analysis (Fig. 6B). Consistent with the
established role of prostratin as a PKC agonist, we identified
distinct up-regulation of genes involved in PKCu signaling (Z-
score = 4.1; see “Experimental procedures”) and NF-kB activa-
tion by viruses (Z-score = 2.7; Fig. 6B). Additionally, we found
activation of CD28 signaling and cytokine signaling and pro-
duction, whereas PD-1/PD-L1 pathways were inhibited, con-
sistent with T cell activation (Fig. 6B). In contrast, cells treated
with panobinostat activated cellular senescence, unfolded pro-
tein response, and the antiproliferative role of TOB (transducer
of ErbB2) in T cell signaling, suggestive of reduced cellular acti-
vation and mild to moderate cytotoxicity. Also, consistent with

Figure 4. KA and anthralin are not PKC activators or HDAC inhibitors. A, effects of panobinostat, prostratin, KA, and anthralin on latency reversal in J-Lat
9.2 cells in the presence of pan-PKC inhibitor GÖ-6983. B, effects of LRAs on cellular HDAC activity, as measured by HDAC-Glo assay. Error bars, S.D.

Figure 5. Effects of LRAs onHIV latency reversal in J-Lat 9.2 cells in the presence of the anti-oxidant GSH (A), iron chelator deferoxamine (B), and cop-
per chelator bathocuproine (C). Error bars, S.D.
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induction of T cell quiescence in cells treated with panobinostat,
genes affected by prostratin were frequently induced in the oppo-
site direction of T cell activation and cytokine signaling (Fig. 6B).
Cells treated with KA also had several affected gene pathways

that were also observed in panobinostat-treated cells. However,
KA-treated cells also had particularly strong and unique activa-
tion of the sirtuin signaling pathway (Z-score = 2.2). This result
suggests that KA might disproportionately support latency re-
versal via sirtuin-mediated enhancement of Tat deacetylation
and priming to initiate new cycles of viral transcription (30).
Additional pathways unique to KA treatment included inhibi-
tion of gluconeogenesis and glycolysis (Z-scores = 22.2 and
22.6, respectively; Fig. 6B).

Finally, although cells treated with anthralin resulted in the
largest number of significantly affected genes (n = 5709; Fig.
6A), no signaling pathways were identified at FDR, 5% signifi-
cance. However, among the most strongly affected pathways
unique to anthralin treatment was cAMP-mediated signaling,
which exhibited borderline significance (p = 0.003; FDR = 0.16;
Z-score = 4.0), which is suggestive of anthralin uniquely acting
in part by driving cAMP or protein kinase A–mediated viral
transcription (31, 32). Taken together, these results suggest
that KA and anthralin affect gene expression and induction
of pathways distinct from those of control LRAs and fur-
ther suggest that they induce latency reversal by distinct
mechanisms.

Figure 6. Effects of LRAs on in vitro global gene expression asmeasured by RNA-Seq. A, Venn diagrams showing number of significantly up-regulated or
down-regulated genes (FDR , 5%) in J-Lat 10.6 cells treated with prostratin, panobinostat, KA, or anthralin, when compared with cells treated with 0.1%
DMSO. B, Ingenuity Pathway Analysis results of genes identified in A that passed FDR, 5% and jZ-scorej. 2 thresholds. For each pathway, data listed include
Z-scores (Z) for predicted pathway state (where positive and negative values indicate activation or inhibition by treatment, respectively), number of affected
genes (N), p value (pval), and FDR. p values, 0.05, FDR, 5% (or,20% for anthralin) thresholds are highlighted. Number of genes and Z-scores are highlighted
as scales.
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KA and anthralin synergize with multiple LRAs

When applied in combination, LRAs with similar mecha-
nisms of action tend to exhibit additive effects, whereas LRAs
representing different functional classes frequently result in
synergistic (i.e. greater than additive) effects (12–15). To exam-
ine whether KA and anthralin can enhance the activities of
established LRAs, we treated J-Lat 9.2 cells with KA or anthra-
lin in combination with control LRAs at concentrations that
induce submaximal GFP expression. We first assessed whether
3 mM KA and 10 mM anthralin could synergize with control
LRAs tested at a single concentration. Control LRAs included
prostratin (10 mM), panobinostat (0.1 mM), TNFa (10 ng/ml),
the BET bromodomain inhibitor JQ1 (0.7 mM) (12–14), and the
DNAmethyltransferase inhibitor 5-aza-29-deoxycytidine (Aza-
CdR; 1 mM) (33). For each combination, synergismwas assessed
using the Bliss independencemodel (12, 14), where a calculated
Dfaxy value . 0 indicates evidence of synergistic effects (see
“Experimental procedures”). In this study, we conservatively
defined evidence of synergism as aDfaxy value. 1.
In all cases, KA enhanced the activities of control LRAs (Fig.

7, A and B). For example, when administered alone, 3 mM KA
induced GFP in 5.56 1.7% of live cells, whereas 10 mM prostra-
tin induced GFP in 12.46 3.1% of live J-Lat 9.2 cells. However,
when cells were co-incubated with 10 mM prostratin and 3 mM

KA, we observed 38.26 9.4% GFP-positive cells (Fig. 7A). This
represented a 2.1-fold increase over what would be expected by
additive effects (;17.9%) and significant evidence of synergism
as measured by the Bliss independence model (Dfaxy = 20.3 6
5.0; p = 7.8 3 1024; Fig. 7B). KA also synergized with 0.1 mM

panobinostat, which induced 21.9 6 6.2% GFP expression on
its own but 45.0 6 4.1% GFP expression in combination with
KA (Dfaxy of 17.6 6 7.2; p = 0.0055; Fig. 7, A and B). Similarly,
whereas 10 ng/ml TNFa induced 16.8 6 3.3% GFP-positive
cells on its own, the addition of KA resulted in 43.2 6 5.1%
GFP-positive cells (Dfaxy of 20.86 1.7; p = 9.73 1026). When 3
mM KA was combined with a 0.7 mM concentration of the BET
bromodomain inhibitor JQ1 (which exhibited no LRA activity
on its own in J-Lat cells), we observed 9.86 5.1% GFP-positive
cells and a borderline significant Dfaxy of 4.2 6 3.7 (p = 0.064).
Finally, whereas 1 mM Aza-CdR also exhibited no activity on its
own in live J-Lat cells, the addition of KA increased GFP-posi-
tive cells to 16.06 4.5% GFP-positive cells and a Dfaxy of 10.46
3.0 (p = 0.0015). These results indicate that 3 mM KA signifi-
cantly synergizes with four of five control LRAs at these con-
centrations in vitro.
Similar results were observed when control LRAs were co-

incubated with anthralin (Fig. 7, C and D). For example, when
administered alone, 10 mM anthralin induced 4.5 6 2.3% GFP
expression in live J-Lat 9.2 cells, whereas 10 mM prostratin
induced 11.0 6 3.1% GFP-positive cells in paired experiments.
However, when cells were co-incubated with 10 mM prostratin
plus anthralin, we observed 32.56 8.4% live GFP-positive cells
(Fig. 7C). This represented a 1.8-fold increase over the expected
additive effects (;16.5%) and a significant Dfaxy of 17.0 6 9.0
(p = 0.0056; Fig. 7D). In addition, 10 mM anthralin also
enhanced the activity of 0.1 mM panobinostat and 10 ng/ml
TNFa (Dfaxy = 4.2 6 3.2 and 13.2 6 3.9; p = 0.023 and 4.0 3

1024, respectively; Fig. 7, C andD). Co-administration of 10 mM

anthralin with 0.7 mM JQ1 also resulted in a Dfaxy value of 11.1

6 3.0 (p = 0.0053), whereas anthralin plus 1 mM Aza-CdR

resulted in a Dfaxy value of 5.1 6 0.8; p = 0.0013). Thus, 10 mM

anthralin significantly synergized with all control LRAs at these
concentrations in vitro. In contrast, no obvious enhancement
of GFP expression was observed when KA was combined with
anthralin (data not shown), although the poor viability of cells
treated with both agents made interpretation of these data
difficult.
We next asked what concentrations of KA and anthralin

were required to achieve synergy with a control LRA. In this
experiment, J-Lat 9.2 cells were treated with 10 mM prostratin
in the presence of multiple concentrations of KA or anthralin
(Fig. 7, E and F). We observed additionally synergistic provi-
rus expression when 10 mM prostratin was co-incubated
with 1 and 10 mM KA (Fig. 7E), with calculated Dfaxy values
of 10.9 6 5.1 and 19.1 6 6.2, respectively (p = 0.0088 and
0.0023, respectively; Fig. 7F), in addition to the previously
described synergy with 3 mM KA (i.e. Fig. 7A). Prostratin also
synergized with 1, 3, and 30 mM anthralin (Fig. 7E), where
Dfaxy values were calculated as 4.7 6 3.6, 5.7 6 4.0, and
16.16 11.6, respectively (p = 0.024, 0.018, and 0.019, respec-
tively; Fig. 7F), in addition to the previously described syn-
ergy with 10 mM anthralin (Fig. 7C). In summary, these
results indicate that both KA and anthralin synergize with
control LRAs representing multiple functional classes and
at concentrations as low as 1 mM.

KA but not anthralin induces HIV-1 expression ex vivo

We next sought to investigate whether KA and/or anthralin
can reactivate HIV proviruses in primary cells directly isolated
from HIV-infected, cART-suppressed individuals. However,
we first assessed the extent to which LRAs affected viability of
isolated CD41 cells obtained from three uninfected donors, as
determined using ViaCount cell viability dye (34). LRAs
assessed in this assay included 10 mM prostratin, KA, or anthra-
lin, whereas 100 ng/ml phorbol myristate acetate (PMA)1 0.1
mg/ml ionomycin was applied as a positive control. For each
condition, 106 cells were cultured in 1 ml of medium in the
presence of test agents and 100 units/ml IL-2 for 24 h before
assessment of cell viability. Consistent with in vitro observa-
tions (Fig. 3, A and B), the effects of LRAs on cell viability after
24-h incubation extended to primary CD41 cells (Fig. 8A). For
example, CD41 cells treated with PMA 1 ionomycin resulted
in 93.3 6 6.8% viability relative to cells treated with 0.1%
DMSO, whereas 10 mM prostratin resulted in 86.26 11.4% via-
bility. Cells treated with 10mMKA resulted in 54.26 27.9% via-
bility, indicating detectable but moderate cytotoxicity. In con-
trast, almost complete loss of cell viability was observed with
CD41 cells treated with 10 (2.0 6 1.6% viability; Fig. 8A) or 3
mM anthralin (data not shown).
We next assessed whether PMA 1 ionomycin, prostratin,

KA, or anthralin at the same concentrations and treatment
durations described above could induce viral RNA expres-
sion, as measured by quantitative PCR (qPCR), from 106
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isolated CD41 T cells obtained from three HIV-infected
donors (cultured in 1 ml of medium; Fig. 8B). qPCR results
were normalized to co-amplified 18S housekeeping gene
copy number and respective copy number standards to
determine absolute copies of HIV per million CD41 cells
(Table S1). Following treatment, PMA 1 ionomycin
increased viral RNA expression in two of three donors
compared with baseline expression in cells treated with
0.1% DMSO control (average across three donors of 576 6
486 viral RNA copies per million CD41 cells treated with

PMA1 ionomycin versus 4356 311 copies/million cells in
DMSO-treated cells; Table S1). Similar results were also
observed in CD41 cells treated with prostratin (average
across three donors of 916 6 765 copies/million cells).
Notably, increased viral RNA expression was also
observed in two of three donors treated with KA (average
3365 6 4563 copies/million cells; Fig. 8B and Table S1).
These results suggest that KA induces total viral RNA
expression in primary CD41 T cells on par with estab-
lished LRAs. In contrast, CD41 cells treated with anthralin

Figure 7. KA and anthralin synergize with LRAs from multiple functional classes in vitro. A, effects of 3 mM KA on latency reversal in J-Lat 9.2 cells in the
presence of 10 mM prostratin, 0.1 mM panobinostat, 10 ng/ml TNFa, 0.7 mM JQ1, and 1 mM Aza-Cdr. B, extent of synergism in J-Lat 9.2 cells treated with KA plus
control LRAs in A, as measured by the Bliss independence model. C and D, effects of 10 mM anthralin on latency reversal (C) and synergism (D) in J-Lat 9.2 cells
in the presence of control LRAs. Data are arrayed as described in A and B. E and F, effects of KA and anthralin on latency reversal (E) and synergism (F) in the
presence of 10 mM prostratin. In E, “0” on the x axis indicates the activity of 10 mM prostratin in the absence of KA or anthralin. Data shown for 10mM prostratin
plus 3 mM KA or 10 mM anthralin are the same data shown in A–D. *, p , 0.05; **, p , 0.01 between the observed and predicted responses assuming strictly
additive effects (i.e. Bliss independencemodel-based synergism) from at least four independent experiments. Error bars, S.D.
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resulted in extensive cell death, as observed by micros-
copy, and viral RNA was not detected (data not shown).To
validate whether KA enhances HIV production ex vivo, we
also assessed its effects on peripheral blood mononuclear
cells (PBMCs). When 3 3 105 PBMCs from six uninfected
donors were cultured at 1.53 106 cells/ml and assessed for
viability following 24-h incubation with PMA 1 ionomy-
cin, we observed 51.0 6 24.7% viability relative to PBMCs
treated with 0.1% DMSO (Fig. 8C). However, cells treated
with 10 mM KA resulted in 38.3 6 20.8% viability, indicat-
ing elevated but comparable toxicity when compared with
control PMA 1 ionomycin in whole PBMC cultures. In
contrast, nearly complete loss of cell viability was again

observed with PBMCs treated with 10 mM (2.8 6 2.6% via-
bility; Fig. 8C) or 3 mM anthralin (data not shown).
We next treated 33 105 PBMCs from three additional HIV-

infected donors (separate from those in Fig. 8B) with PMA 1
ionomycin or KA at 1.5 3 106 cell/ml for 24 h, as described
above, and quantified combined lysate and supernatant p24Gag

protein using a commercially available ELISA kit (Fig. 8D) (15).
Data were then normalized to internal kit standards to calculate
total p24Gag protein. Per donor, PMA1 ionomycin induced an
average 1.6 6 0.5-fold increase in p24Gag relative to PBMCs
treated with 0.1% DMSO, with two of three donors exhibiting
at least 1.8-fold increases. Across all donors, this resulted in a
combined average of 6.06 1.1 pg/ml p24Gag protein in PMA1

Figure 8. Effects of LRAs on primary cells. A, effects of LRA treatments (100 ng/ml PMA1 1 mM ionomycin, or 10 mM prostratin, KA, or anthralin) on viability
of CD41 T cells from three uninfected donors after 24 h, as measured by ViaCount viability stain. B, effects of LRAs on total HIV RNA copies per million CD41 T
cells isolated from three cART-suppressed, HIV-infected donors. Empty circles indicate the limit of detection, where no viral RNAwas observed. C, effects of LRA
treatments on viability of PBMCs from six uninfected donors after 24 h, asmeasured by ViaCount viability stain. D, effects of LRAs on p24Gag production in total
cell lysate and cell culture supernatants of PBMCs from three additional cART-suppressed, HIV-infected donors. For each panel, shapes and/or colors denote
individual donors.
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ionomycin–treated PBMCs versus 5.0 6 2.5 pg/ml in DMSO-
treated PBMCs (Fig. 8D). In contrast, KA induced an average
1.56 0.5-fold increase per donor, with 1 donor inducing a 2.1-
fold increase in supernatant p24Gag, and an average of 5.96 2.7
pg/ml detected in PBMCs across all donors. These results fur-
ther support KA as having ex vivo efficacy. Conversely, exten-
sive cell death, as visualized microscopically, and no p24Gag

protein were detected from PBMCs treated with 10 or 3 mM

anthralin (data not shown), further supporting poor ex vivo ac-
tivity of this LRA. Taken together, these results suggest that
KA, but not anthralin, enhances the production of both viral
RNA and protein fromHIV-positive CD41 T cells and PBMCs,
respectively.

Discussion

New LRAs and LRA combinations are needed to improve
existing “shock-and-kill” HIV therapeutic approaches (9, 35).
Here, we screened 216 compounds from pANAPL and 18
chemical analogues to identify KA, anthralin, and prinoidin as
novel LRAs, which continues to suggest that chemical libraries
of pure compounds from natural products can be rich sources
of LRAs (15–17). Although both KA and anthralin, due to their
toxicities, are unlikely to be used as LRAs in humans, their dis-
tinct activities in vitro make them useful probes to further
understand the cellular mechanisms of HIV latency and latency
reversal. This in turn can aid in the development of future
LRAs with reduced toxicities, in addition to LRA combinations
with improved efficacies and fewer side effects in clinical
studies.
KA is a phenylanthraquinone that was originally isolated

from Ethiopian Kniphofia foliosa and initially reported to dis-
play antiprotozoal activity in vitro (36, 37). KA is also reported
to possess both pro- and antioxidant activities, depending on
the reaction partners and culture or solvent conditions (27, 37).
Since its initial discovery, several phenylanthraquinones have
been isolated from plants of South Africa, Botswana, Lesotho,
Germany, Australia, and Japan (38). In contrast, anthralin
(dithranol) is a KA-like molecule and a licensed topical therapy
for psoriasis, dermatitis, and eczema, where mechanisms of
action include the induction of excessive oxidative stress in tar-
geted cells (28, 29) in addition to induction of antiproliferative
and proapoptotic signaling pathways (39). Whereas KA was
recently reported by us to inhibit HIV-1 replication in PBMCs
infected in vitro, with an EC50 of 4.3 mM (40), to our knowledge,
this is the first report of anthrones affectingHIV latency.
We observed that both KA and anthralin reversed HIV la-

tency across multiple cell line models with dose dependence,
indicating that their activities were independent of the viral
integration site, at least in lymphoid-derived cell lines. When
assessed in vitro, both KA and anthralin also induced cellular
apoptosis at levels approximating those of the control HDAC
inhibitor panobinostat. Both KA and anthralin, like prostratin,
also induced expression of T cell activation markers CD69 and
CD25, although KA induced exceptionally strong (i.e. up to 22-
fold) up-regulation of CD69 but not CD25, whereas anthralin
induced weak CD69 and CD25 expression. Thus, despite the
observed toxicity and proactivation properties of KA and

anthralin, their distinct profiles, when compared with prostra-
tin and panobinostat, suggested that their effects on T cells may
differ from these control PKC activator and HDAC inhibitor
functional classes of LRAs. In support of this, our results using
both a pharmacological pan-inhibitor of PKC signaling and a
cell-based HDAC activity assay indicate that KA and anthralin
are neither PKC activators nor HDAC inhibitors.
Based on the known cellular mechanisms of KA and anthra-

lin (27–29), we initially hypothesized that both would reverse
HIV latency by promoting “oxidative stress” or enhanced redox
traffic, namely the formation of redox-reactive radicals derived
from oxygen and from the anthrones themselves. The effects of
reactive oxygen species on HIV latency reversal have been
described extensively (41), and agents that intensify and uncou-
ple cellular redox processes have been reported as LRAs or
inducers of latency reversal in vitro and ex vivo (16, 42). Redox-
reactive species like superoxide induce T cell activation but also
promote cell death, whereas factors that mitigate redox-reac-
tive species production tend to favor the maintenance of HIV
latency (41). In support of this model, a scavenger of oxidizing
species, GSH, inhibited in vitro latency reversal induced by
anthralin, consistent with the known reactivity of anthralin in
promoting oxidative stress. Contrary to our initial hypothesis,
however, latency reversal by KA was not inhibited by GSH,
indicating that the latency reversal properties of KA cannot
solely rest on the anthrone moiety it has in common with
anthralin, but that one or more distinct mechanisms of action
appear to operate.
The latency reversal effects of both KA and anthralin, in

addition to panobinostat, were further inhibited by the copper-
sequestering agent bathocuproine. Anthrones are reported to
show selectivity toward copper ions and are more easily oxi-
dized in the presence of copper (43). This corroborates that the
oxidation reaction could be responsible for driving latency re-
versal (27, 40). In line with this, latency reversal by KA and
anthralin were enhanced by the iron chelator deferoxamine,
indicating that KA and anthralin maintain latency reversal fol-
lowing iron sequestration and that iron inhibits them. Superox-
ide also leads to oxidative dimerization of anthrone derivatives,
and physiologically, superoxide is reduced by copper- or iron-
containing enzymes (44). Taken together, latency reversal by
KA and anthralin appears to require a specific oxidation path-
way that is connected to superoxide metabolism and promotes
cellular activation, and this pathway is tightly modulated by
particular metal ion species.
Despite years of research on both KA and anthralin (27–29,

38), direct molecular targets of these compounds are not yet
elucidated. Whereas the exact molecular targets of KA and
anthralin in the context of HIV latency reversal also require fur-
ther investigation, analysis of in vitro global gene expression
following KA or anthralin treatment indicates distinct expres-
sion profiles when compared with control LRAs prostratin or
panobinostat. Most notably, KA treatment robustly induced
expression of genes related to sirtuin signaling pathways,
whereas responses to anthralin treatment were suggestive of
up-regulation of cAMP-mediated signaling. To our knowledge,
this is the first report linking these agents to these signaling
pathways. These leads warrant further validation in cellular
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models, although studies would likely require derivatives of
anthralin and perhaps KAwith reduced cytotoxicities.
We further showed that both KA and anthralin synergize

with the activities of LRAs representing PKC activators, HDAC
inhibitors, cytokines, BET bromodomain inhibitors, and DNA
methyltransferase inhibitors. In most cases, this synergism was
statistically significant as measured using the Bliss independ-
ence model. These results suggest that future compounds with
improved preclinical profiles but similar mechanisms of action
to KA or anthralinmay be capable of enhancing the activities of
existing LRAs which currently exhibit suboptimal efficacies in
clinical studies (9, 11).
The ability of KA to promote latency reversal was further

confirmed ex vivo, as it enhanced production of both viral RNA
from CD41 T cells and p24Gag protein from PBMCs fromHIV-
infected donors. The moderate toxicity observed with KA also
raises the possibility of its use at lower concentrations, where
toxicity is less likely, as part of future LRA combination thera-
pies with synergistic effects on latency reversal. The extent to
which combination LRA therapies that include KA can be opti-
mized in primary cells also requires further study. In contrast
to KA, we were unable to demonstrate ex vivo latency reversal
by anthralin, where severe oxidative stress is likely driving cell
toxicity even at relatively low concentrations. In contrast to our
results, a previous study identified 5-hydroxynaphthalene-1,4-
dione as a novel LRA in latently infected, Bcl-2–transduced pri-
mary CD41 cells that also acted through enhanced oxidative
stress (16). In this study, 5-hydroxynaphthalene-1,4-dione
exhibited an EC50 of 0.5mM and 50% cytotoxic concentration of
7.7 mM in primary cells, indicating an improved therapeutic
range relative to anthralin. Like anthralin, this compound also
induced weak expression of T cell activation markers, and pro-
viral effects could be mitigated by co-treatment with antioxi-
dant agents. Thus, further support of this latency reversal
mechanism in primary cells and in LRA combinations may be
better modeled using anthralin analogues with higher thera-
peutic indices.
Several aspects of our results warrant further study. Most

notably, the limited efficacies and toxicities of KA and espe-
cially anthralin in vitro and ex vivo are likely to limit the poten-
tial of these agents as future clinical candidates. However, their
ability to synergize with numerous LRAs representing different
functional classes suggests that chemical derivatives that func-
tion like KA or anthralin, but harbor improved preclinical pa-
rameters, could eventually contribute to future LRA combina-
tion strategies that maximize LRA efficacy while minimizing
off-target toxicities in humans.

Experimental procedures

Cells and reagents

Jurkat T cells (clone E6-1) were obtained from the American
Tissue Culture Collection (ATCC). J-Lat T cells (clones 8.4, 9.2,
and 10.6) and OM-10.1 cells were obtained from the NIHAIDS
Reagent Program, Division of AIDS, NIAID, National Institutes
of Health (contributed by Drs. Eric Verdin and Salvatore
Butera, respectively) (20, 45). Cells were cultured in R101me-
dium (RPMI 1640 with HEPES and L-glutamine, 10% fetal bo-

vine serum (FBS), 100 units/ml of penicillin, and 100 mg/ml
streptomycin (Sigma)).
PBMCs were collected from three uninfected donors in addi-

tion to three HIV-infected donors on stably suppressive combi-
nation antiretroviral therapy for at least 3 years. Study proto-
cols were approved by the institutional review boards of Simon
Fraser University and the University of British Columbia–Prov-
idence Health Care Research Institute (REB: H15-03077
(approved March 8, 2016) and H16-02474 (approved Novem-
ber 15, 2016)) and abide by the Declaration of Helsinki princi-
ples. CD41 T cells were also obtained from an additional three
HIV-infected donors on stably suppressive combination antire-
troviral therapy (,50 copies/ml of plasma viral load) for 3
years. These study participants were recruited in accordance
with the human subject research guidelines of the United States
Department of Health and Human Services under the supervi-
sion of theWistar and Philadelphia FIGHT institutional review
boards. Written informed consent was obtained from all study
participants.
KA was obtained from pANAPL chemical stocks and as

described previously (40, 46, 47). Anthralin, prostratin, panobi-
nostat, Aza-CdR, GÖ-6983, deferoxamine, GSH, and bathocu-
proine were commercially obtained from Sigma. (1)-JQ1 was
obtained from Cayman Chemical Co. (Ann Arbor, MI).
Annexin V-APC and HIV p24Gag antibody KC57-RD1 were
purchased from BioLegend (San Diego, CA). CD25-FITC and
CD69-phycoerythrin were purchased from BD Biosciences
(Mississauga, Ontario, Canada).

In vitro latency reversal assays

J-Lat and OM-10.1 cells were resuspended in fresh R101 to
a concentration of 106 cells/ml, and 23 105 cells were aliquoted
into 96-well plates alongside test agents at defined concentra-
tions or 0.1% DMSO vehicle control and incubated for 24 h.
For each experiment, all conditions were performed in dupli-
cate. Following incubation, for experiments using OM-10.1
cells and select experiments with J-Lat cells, p24Gag viral anti-
gen was detected by staining cells with anti-p24Gag antibody
and using the Cytofix/Cytoperm fixation/permeabilization kit
(BD Biosciences) according to the manufacturer’s instructions
prior to flow cytometric analysis. 5000 live cells (as estimated
from cells displaying the characteristic forward- and side-scat-
ter parameters of cells treated with 0.1% DMSO) (19) from
each cell culture were collected for detection of GFP and/or
p24Gag expression by flow cytometry (Guava EasyCyte 8HT,
EMDMillipore).

Detection of cell viability and T cell activation markers

To detect in vitro cell viability directly, Jurkat cells were
treated with test agents at defined concentrations or 0.1%
DMSO vehicle control in duplicate for 24 h and stained with
annexin V-APC according to the manufacturer’s instructions
(BioLegend). To detect markers of cell activation, Jurkat T cells
were stained with CD25-FITC or CD69-phycoerythrin anti-
bodies using the Cytofix/Cytoperm fixation/permeabilization
kit (BD Biosciences) according to the manufacturer’s instruc-
tions. Flow cytometry was then performed as described above.
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Viability in uninfected PBMCs wasmeasured in the presence of
test agents for 24 h using Guava ViaCount reagent (Millipore)
and flow cytometry as described previously (34).

In vitro HDAC activity

Cellular HDAC activity was measured in the presence of test
agents using the HDAC-Glo I/II assay kit (Promega) according
to the manufacturer’s instructions. Briefly, Jurkat cells were
resuspended in phenol red and FBS-free RPMI 1640 at 3.0 3
105 cells/ml, and 10-ml cell cultures were aliquoted into white
384-well plates in the presence of test agents or 0.1% DMSO
diluted in 10 ml of HDAC-Glo Buffer. Following incubation at
37 °C for 90 min, 20 ml of HDAC-Glo I/II Reagent plus 1% Tri-
ton X-100 was added to each well, mixed, and incubated at
room temperature for 30 min. Luminescence was detected
using an Infinity M200 multimode plate reader (Tecan Life Sci-
ences).Wells containing only medium were processed in paral-
lel to control for signal background. For each experiment, four
replicates of each condition were performed.

RNA-Seq and data analysis

RNA-Seq and data analysis were performed as described pre-
viously (48). RNA was extracted from cells using the AllPrep
DNA/RNA/miRNA Universal Kit (Qiagen) with on-column
DNase treatment (Qiagen RNase-free DNase set). 100 ng of
DNase-treated total RNA was then used for library preparation
using the Quant-Seq 39 mRNA-Seq Library Preparation Kit
(Lexogen, Vienna, Austria). Library quantity was determined
by qPCR (KAPA Biosystems, Inc., Wilmington, MA), and
library size was determined using the Agilent TapeStation and
DNAHigh Sensitivity D5000 ScreenTape (Agilent, Santa Clara,
CA). Libraries were pooled in equimolar amounts and dena-
tured, and high-output, single-read, 75-base pair sequencing
was performed using a NextSeq 500 (Illumina, San Diego, CA).
RNA-Seq data were aligned against the human genome (ver-

sion hg19) using STAR (49). Raw read counts were estimated
using RSEM version 1.2.12 software (50) with Ensemble tran-
scriptome information version GRCh37.13. Raw counts were
normalized and tested by DESeq2 (51) to estimate significance
of differential expression, where genes that passed the FDR ,
5% threshold were considered significant. Gene set enrichment
analysis of significant genes was performed using Ingenuity
Pathway Analysis software (Qiagen) using the “canonical path-
ways” category. Nominal p values were adjusted for multiple
testing using the Benjamini–Hochberg procedure to estimate
the FDR (52). Pathways enriched at FDR, 5% and with a pre-
dicted activation jZ-scorej . 2 in at least one treatment were
reported. Predicted activation Z-score was calculated by Inge-
nuity Pathway Analysis software based on the direction of gene
expression changes and known effect on pathway activity.

Measures of HIV-1 latency reversal and viability in primary
CD41 T cells

CD41 T cells were isolated from the PBMCs of three HIV-
infected antiretroviral therapy–suppressed individuals using
the EasySepTM Human CD41 T Cell Enrichment Kit (STEM-
CELL) and allowed to recover in RPMI plus 20% FBS at 37 °C

for 24 h. For each donor, 106 CD41 T cells were then cultured
in 1 ml of RPMI plus 20% FBS plus test agent and 100 units/ml
IL-2 (Sigma–Aldrich) at defined concentrations for an addi-
tional 24 h. Total RNA was then extracted using the AllPrep
DNA/RNA/miRNA Universal Kit (Qiagen) with on-column
DNase treatment. Cell-associated total elongated HIV-1 RNA
was then quantified with a qPCR TaqMan assay using long ter-
minal repeat–specific and control PCR primers and conditions
described previously (53). Nucleic acid input from 5 ml of iso-
lated total RNA was normalized for cell number by comparing
the 18S housekeeping gene copy number with co-amplified
copy number standards. Viral RNA per million cells was then
determined by comparing results with co-amplified HIV copy
number standards. Viability of CD41 T cells from three donors
without HIV was measured using the culture conditions
described above and ViaCount dye (Millipore) according to the
manufacturer’s instructions.

Measures of HIV-1 latency reversal and viability in PBMCs

3 3 105 PBMCs were incubated in 200 ml of R101 plus for
24 h at 37 °C before the addition of test agents at defined con-
centrations or 0.1% DMSO in duplicate and further incubation
for an additional 24 h. Total cell lysates and supernatants were
then measured for detection of p24Gag protein by ELISA
(Xpress Bio, Frederick, MD) according to the manufacturer’s
instructions. Results were normalized to kit p24Gag protein
standards to calculate total p24Gag per sample (pg/ml). Viability
of PBMCs from six donors without HIV was measured using
the culture conditions described above and ViaCount dye
(Millipore) according to themanufacturer’s instructions.

Cellular data analysis

Flow cytometry data were analyzed using FlowJo version
10.5.3 software (FlowJo LLC, Ashland, OR). For studies using
flow cytometry, background GFP signals in J-Lat cells treated
with 0.1% DMSO were set to an average of 0.05–0.15% positive
cells, whereas background GFP signals in CEM-GXR cells
treated with 0.1% DMSO were set to an average of 1.0%. For
flow cytometry experiments measuring CD25/CD69 and
p24Gag, background fluorescence signals were set to an average
of 1.0%. Synergism from LRA combinations was calculated
using the Bliss independence model as described previously
(12, 15). Here, synergy was defined by the equation,

faxy;P ¼ fax1 fay ± faxð Þ fay
� �

(Eq. 1)

where faxy,P represents the predicted fractional response due
to drugs x 1 y assuming strictly additive effects, given the
observed fractional responses of drug x (fax) and drug y (fay).
The experimentally observed fractional response due to drugs
x 1 y (faxy,O) was then compared with the predicted fractional
response.

Dfaxy ¼ faxy;O ± faxy;P (Eq. 2)

For a given drug combination, a Dfaxy . 0 indicates a frac-
tional response greater than what is expected for additive
effects. The statistical significance of this difference (i.e. faxy,O
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versus faxy,P) was determined using Student’s paired (for cell
lines) or unpaired (for PBMCs) t test, where a two-sided p value
of 0.05 was considered significant.
All data are reported as mean6 S.D. from at least three inde-

pendent experiments. For in vitro drug combination/synergy
studies, all data are reported as mean 6 S.D. from at least four
independent experiments.
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