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ABSTRACT Combinations of drugs that affect distinct mechanisms of HIV latency
aim to induce robust latency reversal leading to cytopathicity and elimination of the
persistent HIV reservoir. Thus far, attempts have focused on combinations of protein
kinase C (PKC) agonists and pan-histone deacetylase inhibitors (HDIs) despite the
knowledge that HIV gene expression is regulated by class 1 histone deacetylases.
We hypothesized that class 1-selective HDIs would promote more robust HIV latency
reversal in combination with a PKC agonist than pan-HDIs because they preserve the
activity of proviral factors regulated by non-class 1 histone deacetylases. Here, we
show that class 1-selective agents used alone or with the PKC agonist bryostatin-1
induced more HIV protein expression per infected cell. In addition, the combination
of entinostat and bryostatin-1 induced viral outgrowth, whereas bryostatin-1 combina-
tions with pan-HDIs did not. When class 1-selective HDIs were used in combination with
pan-HDIs, the amount of viral protein expression and virus outgrowth resembled that of
pan-HDIs alone, suggesting that pan-HDIs inhibit robust gene expression induced by
class 1-selective HDIs. Consistent with this, pan-HDI-containing combinations reduced
the activity of NF-�B and Hsp90, two cellular factors necessary for potent HIV protein ex-
pression, but did not significantly reduce overall cell viability. An assessment of viral
clearance from in vitro cultures indicated that maximal protein expression induced by
class 1-selective HDI treatment was crucial for reservoir clearance. These findings eluci-
date the limitations of current approaches and provide a path toward more effective
strategies to eliminate the HIV reservoir.

IMPORTANCE Despite effective antiretroviral therapy, HIV evades eradication in a la-
tent form that is not affected by currently available drug regimens. Pharmacologic
latency reversal that leads to death of cellular reservoirs has been proposed as a
strategy for reservoir elimination. Because histone deacetylases (HDACs) promote
HIV latency, HDAC inhibitors have been a focus of HIV cure research. However, many
of these inhibitors broadly affect multiple classes of HDACs, including those that
promote HIV gene expression (class 1 HDACs). Here, we demonstrate that targeted
treatment with class 1-selective HDAC inhibitors induced more potent HIV latency
reversal than broadly acting agents. Additionally, we provide evidence that broadly
acting HDIs are limited by inhibitory effects on non-class 1 HDACs that support the
activity of proviral factors. Thus, our work demonstrates that the use of targeted ap-
proaches to induce maximum latency reversal affords the greatest likelihood of res-
ervoir elimination.
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Latent HIV within long-lived cells constitutes a reservoir of persistent virus that
cannot be eliminated by antiretroviral therapy (ART) and is a major barrier to a cure

(1, 2). Pharmacologic reversal of HIV latency has been proposed as a means to induce
viral gene expression, rendering infected cells susceptible to viral cytopathic effect and
immunological clearance (3). Thus far, work toward this goal has led to the identifica-
tion of mechanistically distinct drugs that affect several regulatory factors of HIV gene
expression, including histone deacetylase inhibitors (HDIs) and protein kinase C (PKC)
agonists, such as bryostatin-1 (4–6, 24). Despite promising in vitro results, attempts to
reduce the viral reservoir in vivo using these latency reversal agents (LRAs) have failed
at clinically achievable levels.

High-level viral gene expression is needed for viral proteins to accumulate to toxic
levels and kill the infected cells (7). Both HDIs and PKC agonists have the capacity to
activate viral gene expression in patient-derived resting CD4pos (rCD4pos) T cells as
measured by cell-associated HIV RNA, but only PKC agonists used at supratherapeutic
levels have the capacity to induce viral gene expression sufficient for viral outgrowth
(8). In attempts to lower the concentrations of individual agents to clinically achievable
levels while still maximizing viral gene expression, efforts have focused on combina-
tions of HDIs and PKC agonists, which demonstrate the synergistic induction of
cell-associated HIV mRNA expression in cell lines and primary cell models of HIV latency.
However, the HDI combinations tested thus far have failed to maximally enhance gene
expression as assessed by viral outgrowth assays using patient rCD4pos T cells tested ex
vivo (9).

There are three main classes of histone deacetylases (HDACs), and efforts to reverse
HIV latency have focused largely on HDIs that act on a broad range of HDAC classes
(pan-HDIs). Because broadly acting agents inhibit a wider range of HDACs, they are
more likely to have deleterious effects that could limit maximal latency reversal. A more
narrowly focused regimen that targets the subset of HDACs (class 1) involved in HIV
latency (10) may allow more efficient activation of HIV gene expression. Indeed,
previous work has demonstrated that class 1-selective HDIs can reverse HIV latency in
cell line models and are superior to pan-HDIs when used in combination with PKC
agonists in in vitro primary cell HIV latency model systems (11–13). These studies,
however, are significantly limited by the use of latency models that do not fully
recapitulate the effects of LRA treatment in rCD4pos T cells from HIV-infected people
and by focusing on the frequency of reactivated proviruses rather than the potency of
the induced viral gene expression, viral outgrowth, and clearance of infected cells (8).
Moreover, the efficacy of selective agents in hematopoietic stem and progenitor cells
(HSPCs), which may constitute a small but important long-lived reservoir in vivo (14, 16),
has not been demonstrated.

Therefore, using an in vitro model system of HIV latency in HSPCs and rCD4pos T cells
from optimally treated HIV-infected donors, we compared the efficacy of pan-HDIs to
that of class 1-selective HDIs on viral reactivation and outgrowth from latently infected
cells. We show that class 1-selective HDIs are unique among HDIs tested thus far in that
they enhance the ability of PKC agonists to induce viral outgrowth from latently
infected HSPCs and from rCD4pos T cells from HIV-infected people. Moreover, our
results provide the first evidence that class 1-selective HDIs are superior at inducing
viral outgrowth due to reduced off-target inhibition of cellular factors necessary for
optimal HIV gene expression.

RESULTS
A robust model of HIV latency in HSPCs allows measurement of reactivation

frequency and viral protein production per reactivated cell. To compare the levels
of ability of HDIs to induce HIV latency reversal, we used a latency model system in
which purified umbilical cord blood HSPCs from healthy donors were infected with a
replication-defective, NL4-3-based HIV molecular clone that expresses green fluores-
cent protein fused to a short Env peptide (E-GFP; NL4-3-ΔGPE-GFP) (Fig. 1a and b).
Three days postinfection, actively infected (E-GFPpos) HSPCs were removed using

Zaikos et al. Journal of Virology

March 2018 Volume 92 Issue 6 e02110-17 jvi.asm.org 2

 on M
arch 23, 2018 by U

N
IV

 O
F

 C
A

LIF
 S

A
N

 D
IE

G
O

http://jvi.asm
.org/

D
ow

nloaded from
 



fluorescence-activated cell sorting (Fig. 1c), and the remaining cells, which included
latently infected cells, were immediately treated with each LRA regimen for 24 h. An
integration inhibitor (raltegravir) was also added to block new integration events,
ensuring that we scored only reversal of postintegration latency. Because latency
occurs relatively frequently in the HSPC model system, the relative amount of viral
protein production in cells bearing a reactivated provirus (E-GFPpos) could be accurately
measured by flow cytometry via the E-GFP mean fluorescence intensity (MFI).

Consistent with our previous work (17), when latently infected HSPCs were treated
with tumor necrosis factor alpha (TNF-�), we observed potent latency reversal com-
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FIG 1 Model system of HIV latency in HSPCs. (a) Schematic illustration of HIV activation assay in HSPCs.
(b) Schematic diagram of NL4-3-based HIV molecular clone used for activation studies. Filled black and
green rectangles indicate genes that have been deleted from or added to the wild-type molecular clone,
respectively. (c) Flow cytometric analysis of mock-infected and sorted, infected HSPCs used for activation
studies. Numbers above gates indicate the frequency of live E-GFPpos cells. Live cells were gated based
on FSC and SSC parameters. (d) Representative flow cytometric analysis of infected HSPCs treated for 24
h with the indicated LRAs. Live cells were gated based on forward scatter (FSC), side scatter (SSC), and
7-AAD. Numbers above gates indicate the frequency of CD34pos, E-GFPpos cells. Numbers in parentheses
indicate the E-GFP MFI of cells within the gate. Gates are based on mock-infected cells and staining with
an isotype control antibody. (e to g) Summary graphs showing the frequency of E-GFPpos cells (e), E-GFP
MFI (f), and the frequency of CD34pos HSPCs (g) following 24 h treatment with medium and 0.1% (vol/vol)
DMSO. (h) Flow-cytometric analysis of HSPCs and PBMCs for cell surface CD34 and lineage markers
(markers of cells committed to the T, B, NK, myeloid, and erythroid lineages [anti-CD2, CD3, CD14, CD16,
CD19, CD56 and CD235a]). (i) Immunoblot analysis of whole-cell lysates from HSPCs treated for 9 h under
the indicated conditions, demonstrating HDI selectivity.
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pared to 0.1% dimethyl sulfoxide (DMSO) solvent control (Fig. 1d). The capacity to
quantitatively assess the effects of LRAs on viral protein expression in an unmodified
primary cell model of latency is a unique feature of our system and may allow the
identification of combinations of drugs that will maximally reverse latency and have the
greatest capacity to promote eradication.

Based on our previous work (18), reactivation occurring in the solvent control is due
to spontaneous differentiation of HSPCs and does not reflect latency reversal activity by
the DMSO solvent. Compared to untreated cells, 0.1% DMSO did not significantly affect
the frequency of E-GFPpos cells (Fig. 1e) or the E-GFP MFI (Fig. 1f). In addition, the
concentration of DMSO used in our assay was not sufficient to induce acetylation of
histone or tubulin (Fig. 1i).

HSPCs gradually lose some expression of the CD34 cell surface marker under culture
conditions that support HSPC proliferation. Moreover, differentiation as assessed by
CD34 expression is associated with reactivation from latency in the HSPC model system
(18). However, the solvent DMSO does not affect differentiation of HSPCs as assessed
by cell surface CD34 expression (Fig. 1g) and all cells remain lineage negative (Fig. 1h).

Class 1-selective HDIs induce more viral Env (E-GFP) production per infected
cell than pan-HDIs. To assess the efficacy of HDIs on latency reversal in HSPCs, we
performed a titration over a range of drug concentrations and assessed the frequency
of GFPpos cells (Fig. 2a) and the amount of GFP expressed per cell (E-GFP MFI) (Fig. 2b).
Optimal concentrations were those that maximized latency reversal while minimizing
toxicity and were consistent with results from other studies (6, 11, 19). Work from other
groups has shown that selectivity of class 1-selective HDIs is maintained at concentra-
tions well above those tested here (20–22). Nevertheless, to confirm selectivity of HDIs
at the concentrations chosen for our assays, we assessed their effects on histone H4 and
tubulin acetylation. Histone H4 is deacetylated by class 1 HDACs; therefore, both
pan-HDIs and class 1-selective HDIs should promote histone H4 acetylation. In contrast,
tubulin is deacetylated by the class 2 HDAC HDAC6 and should be affected by pan-HDIs
but not class 1-selective HDIs. Indeed, we observed that at the concentrations chosen
for our study, the pan-HDI vorinostat, but not the class 1-selective HDI entinostat,
inhibited deacetylation of tubulin, whereas both drugs inhibited deacetylation of
histone H4 (Fig. 1i).

A summary of results for HSPCs from at least four independent donors indicate that,
on average, every HDI tested induced E-GFP expression in a smaller fraction of latently
infected cells than the positive control, TNF-� (Fig. 2c). Among HDIs, pan-HDIs (vori-
nostat, panobinostat, and romidepsin) induced E-GFP expression in a significantly
greater fraction of latently infected cells than the class 1-selective HDIs (entinostat,
tacedinaline, and mocetinostat) at the concentrations tested (Fig. 2c).

In contrast, all class 1-selective HDIs tested induced significantly more viral protein
expression per cell than pan-HDIs based on E-GFP MFI (1.5-fold) (Fig. 2d). Moreover, this
difference in efficacy was observed across a range of concentrations; increasing the
concentration of pan-HDIs above that used in Fig. 2d did not overcome this limitation
(Fig. 2b). In addition, these differences were not due to toxicity as cell viability was
similar at HDI concentrations chosen for our assays (Fig. 2e).

We also assayed cell surface major histocompatibility complex class I (MHC-I)
expression in cells bearing reactivated virus, which has been shown to be inversely
proportional to Nef expression levels (23). We observed that treatment of latently
infected HSPCs with entinostat induced an 8-fold Nef-dependent downmodulation of
MHC-I in cells bearing reactivated virus compared to E-GFPneg cells (Fig. 3a). Compared
to vorinostat, we observed significantly more downmodulation of cell surface MHC-I on
cells treated with entinostat (1.3-fold) (Fig. 3b), which corresponds to the degree of
induction of viral protein (E-GFP) production (Fig. 2d). Together these data demonstrate
that the class 1-selective HDI entinostat induces greater expression of both early and
late HIV genes than pan-HDIs.

Pan-HDIs suppress HIV protein production induced by class 1-selective HDIs.
The ideal LRA would maximally reverse latency in all infected cells to promote cyto-
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FIG 2 HDI combinations reveal an inhibitory effect of pan-HDIs that limits HIV protein production in
HSPCs. Summary graphs of frequency of E-GFPpos, CD34pos HSPCs (a) and E-GFP MFI (b) in CD34pos

cells bearing activated HIV following 24-h treatment over the range of HDI concentrations indicated
(means � standard errors of the means [SEM], n � 3). (c) Summary graph of the frequency of
E-GFPpos, CD34pos cells following treatment with the indicated LRAs at the concentrations described
in Materials and Methods and used in all subsequent assays. The frequency of spontaneous
reactivation observed under DMSO solvent conditions was subtracted from each experiment to
reflect the actual frequency of reactivated provirus. Each symbol represents data from an indepen-
dent experiment (mean � SEM, n � 4). (d) Summary graph of E-GFP MFI in E-GFPpos, CD34pos cells

(Continued on next page)
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pathicity and clearance. Thus, we next asked whether combinations of pan- and class
1-selective HDIs would maximize both the frequency of cells expressing E-GFP and the
amount of E-GFP expressed per infected cell. Indeed, we observed that the addition of
pan-HDIs to class 1-selective HDIs maintained the higher frequencies of E-GFPpos cells
observed with pan-HDIs alone (Fig. 2c). However, these combinations failed to achieve
the high E-GFP MFIs observed with class 1-selective HDI treatment alone (Fig. 2d). The
inhibitory effect of pan-HDIs could not be attributed to additive toxicity, as there was
no significant difference in the frequency of viable HSPCs treated with HDIs alone or in
combination (Fig. 2e). Based on these results, we hypothesized that the broad inhibi-
tory effects of pan-HDIs had undesirable negative effects on HIV gene expression that
did not occur with class 1-selective HDIs.

Class 1-selective HDIs plus a PKC agonist maximally reactivate viral gene
expression, and pan-HDIs are inhibitory when added to these combinations.
Reversal of HIV latency has also been observed by activating protein kinase C (PKC) and
NF-�B using bryostatin-1. Recent studies have shown that bryostatin-1 acts synergisti-
cally with pan-HDIs to increase HIV cell-associated RNA transcription, but not viral
protein production or viral outgrowth in latently infected primary CD4pos T lympho-
cytes (9, 15, 25). To determine whether the higher HIV protein expression observed with
class 1-selective HDIs could overcome the limitations observed with pan-HDIs, we next
investigated the effect of bryostatin-1 combinations. To accomplish this, we used an
HIV molecular clone that expresses full-length Gag and the human placental alkaline
phosphatase (PLAP) gene within the HIV env open reading frame (HXB2-ΔE-PLAP) (Fig.
4a and b). HSPCs latently infected with HXB2-ΔE-PLAP were isolated using magnetic
bead sorting to deplete actively infected cells (PLAPpos) (Fig. 4c). We then treated
PLAPneg cells and scored them for HIV latency reversal (Fig. 4d).

Using this system, we again observed that all HDIs in combination with bryostatin-1
had similar frequencies of PLAPpos cells (Fig. 4e). In addition, we confirmed that class
1-selective agents induced the highest levels of viral protein per infected cell when
used alone or in combination with bryostatin-1 (Fig. 4f).

FIG 2 Legend (Continued)
(mean � SEM, n � 4). (e) Summary graph of frequency of viable HSPCs following 24-h treatment
with HDIs alone and in combinations at the concentrations used for HIV latency reversal studies. Cell
viability was calculated using the percentage of cells within the live-cell gating strategy based on
FSC, SSC, and 7-AAD. Data are presented as percentages of the effect of TNF-�. P values were
calculated by two-tailed, unpaired Student’s t test. *, P � 0.05; ****, P � 0.0001. Solid bars indicate
statistically significant differences between groups subjected to different conditions.
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FIG 3 Entinostat induces more Nef-dependent downmodulation of MHC-I than pan-HDIs. (a) Representative flow
cytometric analysis of MHC-I downmodulation on latently infected HSPCs treated with the indicated LRAs. The
magnitude of MHC-I downmodulation in HSPCs with induced viral gene expression was calculated by dividing the
MHC-I median fluorescence intensity (MedFI) of the E-GFPneg population by that of the E-GFPpos population for each
sample (E-GFPneg

MHC-I MedFI/E-GFPpos
MHC-I MedFI). (b) Summary graph of fold MHC-I downmodulation. Data are presented

relative to DMSO (means � SEM, n � 4). P values were calculated by two-tailed, unpaired Student’s t test. *, P � 0.05;
***, P � 0.001. Asterisks above each condition indicate statistically significant differences compared to DMSO. Solid
bar indicates statistically significant differences between groups subjected to different conditions.
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FIG 4 Class 1-selective HDIs plus bryostatin-1 maximally induce latency reversal and viral protein production, whereas pan-HDIs are inhibitory
when added to these combinations. (a) Schematic illustration of modified HIV latency model system in HSPCs. (b) Schematic diagram of the
HXB2-based HIV molecular clone. Filled black and green rectangles indicate genes that have been deleted from or added to the wild-type
molecular clone, respectively. Filled gray rectangles indicate genes that are dysfunctional in the wild-type HXB2 molecular clone. (c) Flow-
cytometric analysis of mock-infected and sorted, infected HSPCs. Numbers above gates indicate the frequency of live PLAPpos cells. Live cells were
gated based on FSC and SSC parameters. (d) Representative flow-cytometric analysis of infected HSPCs treated for 24 h with the indicated LRAs.
Live cells were gated based on FSC and SSC. Numbers above gates indicate the frequencies of PLAPpos, Gagpos cells. Numbers in brackets indicate

(Continued on next page)
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We next asked whether the inhibitory effect that we observed with pan-HDIs on
class 1-selective HDI-mediated E-GFP expression from Fig. 2 was also observed when
added to combinations of bryostatin-1 and class 1-selective HDIs in this modified
latency model system. Indeed, when any of the pan-HDIs tested were added in
combination with bryostatin-1 plus a class 1-selective HDI, the PLAP MFI was signifi-
cantly reduced in almost every case (Fig. 4f), an effect that could not be attributed to
additive toxicity (Fig. 4g).

Entinostat plus bryostatin-1 maximally induces viral outgrowth, and pan-HDIs
are inhibitory when added to this combination. Complete HIV latency reversal is
considered to be the induction of virus outgrowth from latently infected cells, which is
needed for maximal cytopathicity. Therefore, we tested the ability of LRA combinations
to induce virus outgrowth from latently infected HSPCs. To accomplish this, we
performed experiments as illustrated in Fig. 4 and assayed culture supernatants for HIV
virion-associated RNA by quantitative reverse transcription-PCR (RT-qPCR) with primers
specific for genomic HIV mRNA. Alone, HDIs induced only modest viral outgrowth,
whereas bryostatin-1 induced it more than any HDI (P � 0.01) (Fig. 5). When combined
with bryostatin-1, entinostat significantly increased the potency of viral outgrowth
compared to either LRA alone (Fig. 5). When pan-HDIs were added to combinations of
bryostatin-1 and entinostat, we observed significant suppression of viral outgrowth,
concordant with the suppressive effects on viral protein production described earlier
(compare Fig. 5 and 4f). Importantly, latently infected HSPCs treated with triple-LRA
combinations demonstrated neither dramatic differences in the frequencies of PLAPpos

cells induced nor significant cellular toxicity following treatment compared to relevant
double combinations (Fig. 4e and f). Therefore, entinostat plus bryostatin-1 induced the
greatest viral protein production and outgrowth, which was suppressed by cotreatment
with pan-HDIs.

Entinostat plus bryostatin-1 induces maximal viral outgrowth and gene ex-
pression from latently infected resting CD4pos T cells from optimally treated
HIV-infected individuals. While previous work has demonstrated that pan-HDIs en-

FIG 4 Legend (Continued)
PLAP MFI of cells within the double-positive gate. Gates are based on mock-infected cells and staining with an isotype control antibody. Summary
graphs of frequency of PLAPpos, Gagpos cells (e) and PLAP MFI of PLAPpos, Gagpos cells (f) and relative cell viability following treatment with the
indicated LRAs (g). The frequency of spontaneous reactivation observed under DMSO solvent conditions was subtracted from each experiment
to reflect the actual frequency of reactivated provirus. Data are presented as a percentage of the effect of TNF-� (mean � SEM, n � 3). P values
were calculated by two-tailed, unpaired Student’s t test. *, P � 0.05; ***, P � 0.001.

FIG 5 Entinostat plus bryostatin-1 induces maximum viral outgrowth from latently infected cells,
whereas pan-HDIs are inhibitory when added in combination. Summary graph of genomic HIV mRNA
copies/ml measured in supernatants from cultures of latently infected HSPCs treated as described for Fig.
4. Viral outgrowth observed with spontaneous reactivation under DMSO solvent conditions was sub-
tracted from each experiment. Data are presented as a percentage of the effect of TNF-� (means � SEM,
n � 4). P values were calculated by two-tailed, unpaired Student’s t test. ****, P � 0.0001.
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hance the ability of bryostatin-1 to stimulate cell-associated RNA from patient-derived
rCD4pos T cells ex vivo, pan-HDIs did not significantly increase bryostatin-1-induced
virus outgrowth (9). To determine whether class 1-selective HDIs could achieve this
important goal, we treated rCD4pos T lymphocytes obtained from the donors whose
characteristics are listed in Table 1 with bryostatin-1 alone or in combination with
entinostat and assayed culture supernatants at 24 and 48 h for virion-associated
genomic HIV mRNA. We also measured cell-associated HIV mRNA from cell pellets
harvested at 48 h. Remarkably, in three of four donors, we detected 5- to 11-fold-
greater virus outgrowth with the combination of bryostatin-1 plus entinostat than with
bryostatin-1 alone (Fig. 6a). Concomitant with this increased viral outgrowth detected
in the culture supernatant, we also detected more cell-associated HIV mRNA under

TABLE 1 HIV-infected donor characteristicsa

Donor ID Age Sex Race
Yr of
diagnosis ART regimen

Time on
ART (mo)

Duration of viral
suppression (mo)

412406 45 M W 2007 3TC, AZT, EFV 62 60
419000 53 M W 1986 FTC, TDF, ATV/r 192 28
445000 59 M B 2009 FTC, TDF, EFV 32 13
457413402 50 M B 2011 FTC, TDF, EFV 59 55
aM, male; F, female; W, white; B, black; 3TC, lamivudine; AZT, zidovudine; ATV/r, atazanavir boosted with
ritonavir; EFV, efavirenz; FTC, emtricitabine; TDF, tenofovir.

FIG 6 Entinostat plus bryostatin-1 induces maximum viral outgrowth and gene expression in latently infected rCD4pos T cells from HIV-infected
individuals. (a) Graphical analysis of HIV released by patient rCD4pos T cells following treatment with indicated LRAs (means � SD for experimental
duplicates). The limit of quantification is indicated by a dotted gray horizontal line. (b) Induced cell-associated HIV mRNA in rCD4pos T cells treated for
48 h with indicated LRAs (means � SD for experimental duplicates).
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bryostatin-1 plus entinostat treatment than under treatment with bryostatin-1 alone
(Fig. 6b). Interestingly, in the one donor from whom we did not detect bryostatin-1-
induced virus outgrowth (ID 419000), we nevertheless observed induction of cell-
associated HIV mRNA with bryostatin-1 treatment as well as enhanced expression with
the combination of bryostatin-1 plus entinostat (Fig. 6b).

In the two donors from whom sufficient cells were available (ID 412406 and ID
445000), we observed a 2- to 5-fold reduction in viral outgrowth with the addition of
vorinostat to entinostat plus bryostatin-1 (Fig. 6a). This was correlated with similar
reductions of cell-associated RNA expression (Fig. 6b). Collectively, these data suggest
that even in ex vivo models, class 1-selective HDIs enhance bryostatin-1-mediated viral
outgrowth, whereas pan-HDIs have an inhibitory effect that limits maximum viral gene
expression and virion outgrowth.

Entinostat plus bryostatin-1 leads to the greatest reduction of LRA-induced
actively infected cells. The ultimate test of the effectiveness of an LRA is the ability to
reduce the HIV reservoir. To compare the ability of LRAs to reduce the inducible latent
viral reservoir in vitro, we modified our HSPC viral outgrowth assay by washing and
culturing LRA-treated cells an additional 3 days following treatment and quantified the
frequency of PLAPpos cells that remained in culture 4 days after treatment (Fig. 7a). We
found that the combination of entinostat plus bryostatin-1 was the only combination
that led to a significant reduction of infected (PLAPpos) cells based on flow cytometry
(Fig. 7b and c). Interestingly, we observed an inverse correlation when we compared
the frequency of residual PLAPpos cells that remained in culture 4 days after the initial
LRA regimen treatment to the potency of latency reversal (Fig. 7d), suggesting that
more potent latency reversal is more likely to induce clearance of affected cellular
reservoirs. Finally, to compare the amount of residual inducible latent HIV 4 days after
initial LRA treatment, we treated every condition with TNF-� and quantified viral
outgrowth after 24 h (Fig. 7a). Remarkably, the only condition that led to a significant
reduction in the relative amount of induced viral outgrowth between the first and
second treatments was bryostatin-1 plus entinostat (Fig. 7e). Thus, the capacity of LRAs
to maximally induce virus release correlates with the likelihood of affected cellular
reservoirs being eliminated from culture.

Vorinostat inhibits NF-�B and Hsp90. HDIs regulate the acetylation of many
proteins, including nonhistone substrates that can negatively affect HIV reactivation
and replication (26). For example, NF-�B, which is required for HIV transcription, is
known to be regulated by acetylation. Thus, differential effects of pan- and class
1-selective HDIs on NF-�B could, in part, explain the inhibitory effects of pan-HDIs (27,
28). Interestingly, we found that vorinostat significantly inhibited bryostatin-1-induced
NF-�B/p65 activation in PBMCs whereas entinostat did not (Fig. 8a). This modest
inhibition of bryostatin-1-mediated NF-�B/p65 activation by vorinostat is concordant
with the greater suppression of viral outgrowth observed for this combination than for
bryostatin-1 treatment alone (Fig. 5 and 6).

Heat shock protein 90 (Hsp90) is a molecular chaperone that is required for the
normal functioning of a number of client proteins, and recent studies have demon-
strated that Hsp90 activity is required for reversal of HIV latency (29–33). Additional
work has also shown that Hsp90 deacetylation by a class 2 HDAC, HDAC6, activates
Hsp90 activity (34, 35) and that vorinostat, which inhibits HDAC6, causes acetylation of
Hsp90 and inhibits its function (36, 37). In contrast, the class 1-selective HDI entinostat
does not affect the acetylation of HDAC6 client proteins under the conditions of our
assay (Fig. 1i). Consistent with this, an acetylome analysis that compared protein
acetylation by entinostat versus vorinostat directly demonstrated that a subset of lysine
residues on Hsp90 are acetylated by vorinostat but not by entinostat treatment (38). To
confirm that vorinostat inhibits Hsp90 activity in HIV-infected HSPCs and PBMCs, we
assessed Hsp70 levels, which are induced upon inhibition of Hsp90 activity in a heat
shock factor-1-dependent pathway (39–41). As a positive control, we treated HSPCs and
PBMCs with a specific Hsp90 inhibitor (17-AAG), which induced a dramatic increase in
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Hsp70, compared to the solvent control (Fig. 8b and c). In addition, we observed that
vorinostat, but not entinostat, induced Hsp70 expression in both HSPCs and PBMCs
when used in combination with bryostatin-1 (Fig. 8b and c). Treatment with vorinostat
alone also induced Hsp70 expression in PBMCs, which was not observed with entinos-
tat treatment (Fig. 8c). Together these results provide evidence that vorinostat but not
entinostat inhibits cellular factors necessary for robust viral gene expression and
outgrowth.

DISCUSSION

Multiple failed attempts to reduce the viral reservoir in vivo using pan-HDI-based
LRA regimens emphasize a need for a change in strategy. Shan and colleagues
demonstrated that latency reversal regimens that induced greater viral gene expression
led to the more rapid death of infected cells by viral cytopathicity (7). Here, we describe
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FIG 7 Potency of latency reversal is correlated with survival of affected cells bearing reactivated HIV. (a)
Schematic of in vitro assay to test the survival of latently infected HSPCs following treatment with LRAs.
(b) Representative flow-cytometric analysis of HSPCs 1 and 4 days after treatment with LRAs. (c) Summary
graph showing the relative frequency of residual PLAPpos cells in culture 4 days post-LRA treatment. (d)
Summary graph showing inverse correlation between frequency of residual infected cells on 4 days after
LRA treatment and potency of induced viral outgrowth by the indicated LRAs. Data were fit to a
least-squares nonlinear regression. (e) Box and whisker plot (5th to 95th percentiles) of virus released into
culture supernatant by HSPCs treated with TNF-� 4 days after initial LRA treatment. To facilitate
comparisons across multiple experiments, data were normalized to TNF-� (n � 5). P values were
calculated by two-tailed, unpaired Student’s t test. *, P � 0.05; ***, P � 0.001.
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effects of pan-HDIs that limit potent HIV latency reversal and provide evidence for a
superior and effective strategy using class 1-selective HDIs.

Notably, we observed potent inhibition of bryostatin-1 plus entinostat-induced viral
protein production and outgrowth by all three pan-HDIs tested. Importantly, these
effects of pan-HDIs were not due to the combined toxicity of the three drugs. In fact,
mocetinostat plus bryostatin-1 treatment was the most toxic of the LRA combinations
tested and addition of pan-HDIs modestly increased cell viability relative to the two-LRA
combination. Interestingly, inhibition by pan-HDIs affected protein expression and viral
outgrowth but not the frequency of reactivated cells. As clearance in our study
correlated with the amount of protein expressed per cell, our results highlight potential
limitations of previously published work that compared only the frequencies of provi-
ruses affected by HDI treatment. While it will ultimately be important to reverse latency
in all latently infected cells, it is critical that reversal be sufficient to promote reservoir
elimination. Thus, assays measuring the potency of viral latency reversal within each
cell are important to inform successful LRA regimen development.

In addition, we show that pan-HDIs inhibited at least two cellular factors that are
necessary for robust viral gene expression and outgrowth (NF-�B and Hsp90). To our
knowledge, this is the first study to identify these limitations of pan-HDIs on potent
latency reversal and clearance of infected cells. Together with previously described
negative effects of pan-HDIs on cytotoxic T lymphocytes and NK cells (42–44), these
results suggest that LRA regimens using pan-HDIs are not likely to lead to robust
reservoir elimination in vivo.
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FIG 8 Vorinostat inhibits cellular factors important for robust HIV gene expression. (a) Summary graph
showing abundance of activated NF-�B/p65 in PBMCs treated for 24 h with indicated LRAs. Data were
normalized to the effect of bryostatin-1 (means � SEM, n � 4). Immunoblot analysis of whole-cell lysates
from HSPCs (b) and PBMCs (c) treated for 24 h with indicated LRAs. P values were calculated by
two-tailed, unpaired Student’s t test. *, P � 0.05; **, P � 0.01.
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While we describe a significant limitation of pan-HDIs in reservoir elimination
strategies, we also provide evidence for an alternative strategy employing class
1-selective HDIs in combination with bryostatin-1 that maximally induce viral protein
production, viral outgrowth, and infected cell death. The demonstration that HDI
combinations can promote viral clearance without added cytotoxic T lymphocytes
(CTLs) is important because we also, for the first time to our knowledge, demonstrate
Nef-dependent downmodulation of cell surface MHC-I on cells bearing reactivated
provirus. If we consider CTL-mediated killing of reservoirs as the major mechanism of
reservoir elimination, a paradoxical barrier becomes evident, i.e., that the most potent
latency reversal that promotes robust antigen production and MHC-I loading will
simultaneously induce the greatest Nef-dependent MHC-I downmodulation and limit
antigen presentation and CTL killing. Robust viral gene expression is necessary for
efficient CTL-mediated killing of reservoirs, a degree of induced viral gene expression
that is not achieved by vorinostat treatment alone (7). Therefore, until a specific and
effective method to inhibit Nef-dependent MHC-I downmodulation is developed, it will
be important to focus on latency reversal strategies that induce robust cytotoxic viral
protein production and CTL-independent killing of reservoir cells through cytopathicity,
as we show is possible in this study.

With the increasing understanding of the diversity of persistent HIV reservoirs, it is
important that any proposed latency reversal regimen affects a diverse pool of reservoir
cell subtypes, despite their physiologic differences. Our data demonstrate that the
combination of a class 1-selective HDI and a PKC agonist is optimal in both rCD4pos T
lymphocytes and HSPCs, which along with other cell types may constitute a small but
important long-lived reservoir in vivo (14, 16). This result is highly encouraging, espe-
cially since HIV latency biology in HSPCs is known to be distinct from that in rCD4pos

T cells (17).
Some assumptions and limitations of this study warrant further discussion. First, the

selectivity of the HDIs in this study used at the indicated concentrations is an important
assumption, but one based on many studies that investigated these HDIs for their
ability to inhibit HDAC isoforms at various concentrations. Indeed, entinostat does not
significantly inhibit class 2 HDACs even when used at 3- to 10-fold-higher concentra-
tions than used here (20, 21). Nevertheless, we confirmed this selectivity in HSPCs at the
concentrations used in our assays by demonstrating that vorinostat, but not entinostat,
induced tubulin acetylation, which is mediated by the class 2 HDAC HDAC6 (Fig. 1i).

In addition, our HIV latency model system in HSPCs demonstrates a background of
spontaneous latency reversal in the absence of LRAs. We recently determined that this
spontaneous latency reversal is associated with HSPC proliferation and differentiation;
culture conditions that induce quiescence and prevent differentiation decrease viral
gene expression (18). Moreover, undifferentiated cells expressing higher levels of the
HSPC markers CD34 and CD133 are more likely to remain latent than more lineage-
restricted HSPCs with lower expression of HSPCs markers (16, 18).

Finally, the clearance assay whose results are shown in Fig. 7 also has some
limitations as an alternative interpretation is that previously activated (PLAPpos) cells
treated with entinostat plus bryostatin-1 preferentially revert to PLAPneg cells that are
refractory to a second round of latency reversal stimulus. However, we believe that this
explanation is unlikely, as it would require that entinostat plus bryostatin-1 behave in
ways that have not previously been described to selectively suppress HIV gene tran-
scription. Attempts to further investigate this possibility by quantifying proviral DNA
were confounded by the presence of unintegrated HIV DNA present in all samples,
including in the raltegravir-treated control. Nevertheless, the simplest and most logical
conclusion based on the potency of latency reversal induced is that the combination of
entinostat plus bryostatin-1 killed reactivated HIV-infected cells, clearing them from the
culture more rapidly than the other treatments because higher levels of toxic viral
proteins were achieved.

In conclusion, while these studies identify a path toward the development of an
effective latency reversal regimen, further studies are required to identify less toxic
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alternatives to bryostatin-1, such as recently identified bryologs that still need to be
assessed in clinical studies, as well as other novel, more targeted approaches to latency
reversal (45, 46). Ultimately, the identification of a more effective and more targeted
latency reversal regimen is an important step toward the goal of eliminating the viral
reservoir in HIV-infected people.

MATERIALS AND METHODS
Ethics statement. HIV-infected individuals were recruited through the University of Michigan HIV

AIDS Treatment Program and the Henry Ford Health System. Written informed consent was obtained
according to a protocol approved by the University of Michigan Institutional Review Board (U-M IRB
number HUM00004959) and the Henry Ford Institutional Review Board (HFH IRB number 7403). Donors
were �18 years old, with normal white blood cell counts, and plasma viral loads were �48 copies/ml for
at least 6 months on antiretroviral therapy. Samples consisting of 100 ml of peripheral blood and 20 ml
of bone marrow were obtained from each donor. All collected samples were coded. Whole umbilical cord
blood from uninfected donors was obtained from the New York Blood Center. All collected samples were
anonymized.

HSPC isolation and culture. HSPCs were isolated and cultured as previously described (17). Briefly,
mononuclear cells were isolated from whole umbilical cord blood by Ficoll-Paque (GE Healthcare) density
gradient centrifugation and were frozen in bovine serum albumin (BSA; 7.5% in phosphate-buffered
saline [PBS]; Gibco) and DMSO (10%; Sigma-Aldrich) or used fresh. Mononuclear cells were adherence
depleted for 1 to 2 h at 37°C in Stemspan II medium (Stemcell Technologies). CD133pos cells were isolated
by magnetic separation using CD133 magnetic beads according to the manufacturer’s protocol (Miltenyi
Biotec), with the modification that 1.5 times as many magnetic beads were used to increase the purity
of sorted cells (�90% CD133pos). CD133pos cells were cultured at 37°C with 5% CO2 in Stemspan II
medium supplemented with a CC110 cytokine cocktail (100 ng/ml stem cell factor, 100 ng/ml throm-
bopoietin, and 100 ng/ml Flt3 ligand; Stemcell Technologies) and 100 ng/ml insulin-like growth factor
binding protein 2 (R&D Systems) (STIF medium).

rCD4pos T lymphocyte isolation and culture. Peripheral blood mononuclear cells (PBMCs) of
HIV-infected donors with �48 HIV copies/ml were purified by density gradient centrifugation from whole
blood samples as described above and frozen in fetal bovine serum (FBS) with 10% DMSO. Frozen PBMCs
were thawed and washed twice by dropwise addition of RPMI medium (Gibco) plus DNase I (Invitrogen).
Thawed PBMCs were enriched for CD4pos T lymphocytes by negative selection using a CD4pos T cell
isolation kit (Miltenyi Biotec). CD4pos T lymphocytes were further enriched for resting CD4pos (rCD4pos) T
lymphocytes by magnetic bead depletion of cells that expressed CD69, CD25, or HLA-DR (CD69
MicroBead kit II, CD25 MicroBeads, and HLA-DR MicroBeads; Miltenyi Biotec). The purity of rCD4pos T
lymphocytes was assessed by flow cytometry and was greater than 90%. Cells were immediately used in
viral outgrowth assays in which rCD4pos T lymphocytes were cultured in T cell culture medium (RPMI
supplemented with 10% FBS, 20 mM HEPES [Invitrogen], 100 U/ml penicillin, 100 �g/ml streptomycin,
and 2 mM glutamine [PSG; Gibco], and 5.6 �g/ml plasmocin).

Virus constructs and infection of HSPCs. NL4-3-ΔGPEN-E-GFP (ΔGPEN) was generated by disrupt-
ing Nef expression from NL4-3-ΔGPE-E-GFP (ΔGPE) (17) by Xho1 digestion followed by Klenow polymer-
ase fill-in and religation. Generation of HXB2-ΔE-PLAP has been previously described (47). Infectious
supernatants were prepared by transfection of proviral plasmids into 293T cells (ATCC) using polyeth-
ylenimine. Proviral plasmids were cotransfected with plasmid encoding the vesicular stomatitis virus
glycoprotein (VSV-G). For plasmids that lacked HIV structural genes (ΔGPE and ΔGPEN), a helper plasmid
(pCMV-HIV) was also cotransfected to provide necessary structural proteins in trans and permit infectious
particle formation. Forty-eight to 72 h after transfection, culture supernatants were harvested and filtered
through a 0.45-�m syringe filter (GE Healthcare). 293T cells were cultured in Dulbecco’s modified Eagle
medium (DMEM; Gibco) supplemented with 10% FBS (Gibco), PSG, and 5.6 �g/ml plasmocin (Invivogen).
HSPCs were infected by spin inoculation at 1,049 � g for 2 h at room temperature. Mock-infected
controls were treated with 293T cell culture medium. Following spin infection, viral supernatant was
removed, and cells were cultured in STIF medium for 3 days.

Sorting infected HSPCs. HSPCs infected with ΔGPE or ΔGPEN viruses were sorted by fluorescence-
activated cell sorting (FACS) using a FACSAria III (BD Biosciences) flow cytometer to remove E-GFPpos

(actively infected) cells and enrich for E-GFPneg (latently and uninfected) cells. Gating was determined
based on the mock-infected control. HSPCs infected with HXB2-ΔE-PLAP were sorted using magnetic
beads to isolate PLAPneg cells. Briefly, infected HSPC cultures were incubated on ice in magnetic-activated
cell sorting (MACS) buffer (PBS, 0.5% BSA, and 2 mM EDTA) for 20 min with FcR blocking reagent (Miltenyi
Biotec) and biotinylated antibody raised against PLAP (Serotec). Cells were washed with MACS buffer and
then incubated at 4°C for 15 min in MACS buffer with streptavidin-conjugated magnetic beads (Miltenyi
Biotec). Cells were washed and placed on a magnetic column, and cells that did not bind to the column
(PLAPneg) were collected. Column-bound cells were also collected by elution with 5 ml of MACS buffer
and used to check sorting efficiencies.

Treatment of sorted E-GFPneg HSPCs. Sorted E-GFPneg cells (50,000 to 80,000 cells) were
incubated for 24 h at 37°C with 5% CO2 in 200 �l of Stemspan II medium plus 8 �M raltegravir
(Selleck Chemicals) with the following drugs and controls: 0.1% (vol/vol) DMSO (Sigma-Aldrich), 3
ng/ml TNF-� (R&D Chemicals), 1 �M vorinostat (Cayman Chemical or Selleck Chemicals), 25 nM
panobinostat (Selleck Chemicals), 25 nM romidepsin (Selleck Chemicals), 10 �M entinostat (Cayman
Chemical or Selleck Chemicals), 10 �M tacedinaline (Selleck Chemicals), 10 �M mocetinostat (Selleck
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Chemicals). Unless otherwise indicated, concentrations of drugs remained the same under all
experimental conditions, including for those testing drug combinations.

Treatment of sorted PLAPneg HSPCs. Sorted PLAPneg cells (250,000 to 750,000 cells) were incubated
for 24 h at 37°C with 5% CO2 in 1 ml of Stemspan II medium plus 8 �M raltegravir and with the following
drugs and controls: 0.1% (vol/vol) DMSO, 3 ng/ml TNF-�, 1 �M vorinostat, 25 nM panobinostat, 25 nM
romidepsin, 10 �M entinostat, 10 �M tacedinaline, 10 �M mocetinostat, 5 nM bryostatin-1 (Sigma-
Aldrich). Unless otherwise indicated, concentrations of drugs remained the same under all experimental
conditions, including for those testing drug combinations.

For experiments presented in Fig. 7, sorted PLAPneg cells (800,000 to 1,000,000 cells) were incubated
at 37°C with 5% CO2 in 1 ml of Stemspan II medium plus 8 �M raltegravir and with the indicated drugs
at the concentrations described above. After 24 h, supernatants were harvested as described below, 10%
of cells were collected and stained for flow cytometric analysis, and the rest of the cells were washed
once in PBS before being plated in STIF medium (1 ml) and cultured without stimulus for 3 days. After
3 days in culture, 10% of cells were again collected from each sample and stained for flow-cytometric
analysis. The rest of the cells were replated in Stemspan 2 medium with raltegravir and TNF-� at the
concentrations described above. After 24 h, supernatants were harvested and cells were collected and
stained for flow analysis.

Treatment of rCD4pos T lymphocytes. Five million rCD4pos T lymphocytes were incubated for 24
and 48 h in 1 ml of T cell culture medium with the indicated drugs at the following concentrations: 50
ng/ml PMA (Sigma-Aldrich), 1 �M ionomycin (Sigma-Aldrich), 5 nM bryostatin-1, 10 �M entinostat, 1 �M
vorinostat.

Measurement of MHC-I downmodulation on treated E-GFPneg HSPCs. E-GFPneg HSPCs from ΔGPE-
or ΔGPEN-infected cultures were isolated by FACS, treated with the indicated drugs for 24 h, and stained
for flow analysis. Fold downmodulation of cell surface MHC-I on infected cells was determined by
dividing the median fluorescence intensity (MedFI) of the surface MHC-I stain for E-GFPneg cells by that
of the E-GFPpos cells for each condition.

Measurement of supernatant HIV mRNA from treated PLAPneg HSPC cultures. Culture superna-
tants were harvested at 24 h after addition of drugs, and cell debris was removed by centrifugation
(700 � g; 5 min; 4°C). Supernatant RNA was extracted from clarified supernatant with TRIzol LS reagent
according to the manufacturer’s protocol (Invitrogen). cDNA synthesis was performed using qScript
cDNA Supermix (Quanta Biosciences). Real-time qPCR was performed using TaqMan Gene Expression
Mastermix (Applied Biosystems) on an Applied Biosystems 7300 thermocycler, under the following
cycling conditions: 95°C for 10 min and then 45 cycles of 95°C for 15 s followed by 60°C for 60 s. Primers
and probes have been previously described (8). The molecular standard curve was generated as
previously described (9).

Measurement of supernatant HIV mRNA from treated rCD4pos T lymphocyte cultures. Culture
supernatants were harvested at 24 and 48 h after addition of drugs, and cell debris was removed by
centrifugation. Supernatant RNA was extracted from clarified supernatant with TRIzol LS reagent
according to the manufacturer’s protocol. cDNA was synthesized, and real-time qPCR was performed as
described above with the modification that TaqMan Fast Advanced Mastermix (Applied Biosystems) was
used for real-time qPCR.

Measurement of cell-associated HIV mRNA from treated rCD4pos T lymphocytes. Cell-associated
HIV RNA transcripts were measured as previously described (9). Briefly, cell-associated RNA was extracted
from treated rCD4pos T lymphocytes cells with TRIzol reagent according to the manufacturer’s protocol.
Contaminating genomic DNA was removed by DNase I digest (Invitrogen). cDNA synthesis was per-
formed using qScript cDNA Supermix. Real-time qPCR was performed using TaqMan Fast Advanced
Mastermix on an Applied Biosystems 7300 thermocycler. Levels of RNA polymerase II (PolR2A) were
measured for each sample as a control. Molecular standard curves for HIV mRNA were generated as
described above.

NF-�B/p65 binding enzyme-linked immunosorbent assay (ELISA). Whole-cell lysates from treated
PBMCs were obtained using a commercial kit according to the manufacturer’s protocol (Active Motif).
Total protein amounts of lysates were quantified by the Bradford assay (Thermo Fisher), and an equal
total protein amount was loaded for each sample in subsequent assays. The activated form of the NF-�B
monomer p65 was detected using a commercial kit according to the manufacturer’s protocol (Active
Motif).

Hsp70 immunoblotting. One to 3 million HSPCs or PBMCs were treated with the indicated drugs for
24 h and lysed with Laemmli lysis buffer. Proteins from whole-cell lysates were separated by gel
electrophoresis, transferred to a membrane, and detected using antibodies against Hsp70 (Enzo Life
Science), Hsp90 (Abcam), and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (Sigma-Aldrich).

Acetylated histone H4 and tubulin immunoblotting. HSPCs (500,000) were treated with the
indicated drugs for 9 h and lysed with Laemmli lysis buffer. Proteins from whole-cell lysates were
separated by gel electrophoresis, transferred to a membrane, and detected using antibodies against
acetylated alpha-tubulin (Sigma-Aldrich), acetylated histone-H4(Lys12) (Millipore), and GAPDH (Sigma-
Aldrich).

Flow cytometry antibodies and staining. Antibodies raised against the following antigens were
used for flow cytometry: CD133 (phycoerythrin [PE] conjugated; Miltenyi Biotec), CD34 (fluorescein
isothiocyanate [FITC] conjugated, allophycocyanin [APC] conjugated, and PE-Cy7 conjugated; all
from Miltenyi Biotec), hematopoietic lineage markers (eBiosciences), MHC-I (clones Bw4 and Bw6,
PE-Cy7 conjugated; Miltenyi Biotec), PLAP (eFluor660 conjugated; eBioscience), and HIV Gag (clone
KC57, FITC or PE conjugated; Beckman Coulter). Flow data were collected with a BD FACSCanto
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cytometer or a BD FACScan cytometer with Cytek 6-color upgrade. For staining of surface proteins,
cells were suspended in FACS buffer (PBS with 2% FBS, 1% human serum, 2 mM HEPES, and 0.025%
sodium azide) and antibodies, incubated on ice for 10 min (CD34 and CD133) or 30 min (MHC-I and
PLAP), washed, and then fixed in 2% paraformaldehyde in PBS. Intracellular HIV Gag was stained by
permeabilizing fixed cells with 0.1% Triton X-100 in PBS for 5 min at room temperature and then
incubating in FACS buffer with antibody against HIV Gag for 30 min at room temperature and
washing before analyzing.

Statistics. Statistical analyses were performed using Microsoft Excel software. The statistical tests
used to calculate P values are indicated in the corresponding figure legends.
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