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ABSTRACT Antiretroviral therapy (ART) suppresses HIV-1 replication but fails to
cure the infection. The presence of an extremely stable viral latent reservoir, primar-
ily in resting memory CD4" T cells, remains a major obstacle to viral eradication.
The “shock and kill” strategy targets these latently infected cells and boosts immune
recognition and clearance, and thus, it is a promising approach for an HIV-1 func-
tional cure. Although some latency-reversing agents (LRAs) have been reported, no
apparent clinical progress has been made, so it is still vital to seek novel and effec-
tive LRAs. Here, we report that thiostrepton (TSR), a proteasome inhibitor, reactivates
latent HIV-1 effectively in cellular models and in primary CD4* T cells from ART-
suppressed individuals ex vivo. TSR does not induce global T cell activation, severe
cytotoxicity, or CD8* T cell dysfunction, making it a prospective LRA candidate. We
also observed a significant synergistic effect of reactivation when TSR was combined
with JQ1, prostratin, or bryostatin-1. Interestingly, six TSR analogues also show reac-
tivation abilities that are similar to or more effective than that of TSR. We further
verified that TSR upregulated expression of heat shock proteins (HSPs) in CD4+ T
cells, which subsequently activated positive transcriptional elongation factor b (p-
TEFb) and NF-«B signals, leading to viral reactivation. In summary, we identify TSR as
a novel LRA which could have important significance for applications to an HIV-1
functional cure in the future.

KEYWORDS HIV-1, latent reservoir, latency reversal agent, thiostrepton, heat shock
protein

espite the fact that antiretroviral therapy (ART) potently reduces plasma HIV-1
levels below the detection limit of clinical assays, the extremely stable viral latent
reservoir in resting memory CD4+ T cells remains the major barrier to HIV-1 eradication
(1, 2). Latently infected cells contain a transcriptional silent form of the viral genome,
which helps infected cells evade host immune surveillance. Viremia rapidly rebounds
once treatment is discontinued; therefore, ART is not curative, and infected individuals
must receive lifelong antiretroviral treatment (3-5). However, long-term ART adminis-
tration leads to drug toxicity, drug resistance, and heavy financial burdens (6). Research
exploring potential therapeutic strategies to target the HIV-1 latent reservoirs has
accelerated significantly in recent years.
One potential approach to eliminate the latent HIV-1 reservoirs is “shock and kill” (7,
8), which involves pharmacologic reactivation of the latent viruses without causing
global T cell activation and subsequent killing of the reactivated infected cells by
inducing virus-specific immune responses (9). The previously reported latency-
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reversing agents (LRAs) can be categorized into four classes based on their mecha-
nisms: histone posttranslational modification modulators (histone deacetylase [HDAC]
inhibitors), nonhistone chromatin modulators (p-TEFb activators), NF-«kB stimulators
(protein kinase C [PKC] activators), and miscellaneous compounds (6). These LRAs have
been shown to induce robust viral reactivation in cellular models of HIV-1 latency, and
some of them have been approved for clinical trials (10). However, there has not been
any compelling evidence so far demonstrating that LRAs can reduce the HIV-1 latent
reservoir effectively in various clinical trials (11). This could be due to the complexity of
molecular mechanisms maintaining the latent reservoirs or to the suboptimal efficacy
of LRAs. HDAC inhibitors such as vorinostat (SAHA) and others were also shown to
impair the function of HIV-1-specific cytotoxic T lymphocytes (CTLs) and failed to
reduce inducible HIV-1 reservoirs (12). Therefore, it is still vital and urgent that we
search for novel compounds to reactivate latent HIV-1 with higher efficacy and lower
immunogenic toxicity.

By using a primary CD4* T cell model of HIV-1 latency (13), we identified thiostrep-
ton (TSR), which could reactive latent HIV-1 efficiently in cellular models and in primary
CD4+ T cells from ART-suppressed individuals ex vivo. TSR is a polythiazole peptide
antibiotic isolated from cultures of Streptomyces laurentii (14). It was reported to exhibit
strong activity against Gram-positive bacteria and malaria parasites, as well as antican-
cer activity in various cancer models (15-18). Moreover, TSR has also been shown to be
a proteasome inhibitor (16, 19) and induces oxidative and proteotoxic stress by
upregulating the expression of heat shock proteins (HSPs), oxidative stress, and endo-
plasmic reticulum (ER) stress, which induces apoptosis of cancer cells. Recently, pro-
teasome inhibitors such as MG132, carfilzomib (CFZ), and bortezomib (BTZ) have been
shown to possess HIV-1 latency reversal activities mediated by heat shock factor 1
(HSF1) and heat shock protein 90 (HSP90) (20). HSF1- and HSP-mediated activation of
viral gene expression was reported recently (21-23), so we hypothesized that TSR may
also act through heat shock response to induce HIV-1 transcription in latently infected
cells, and our results suggest that this is indeed the case.

In summary, our study identified TSR as a novel LRA which can effectively induce
HIV-1 transcription in latently infected cells and which has the potential to be further
developed as a critical compound for the shock-and-kill strategy and HIV-1 functional
cure.

RESULTS

TSR induces effective latent-HIV-1 reactivation in vitro and ex vivo. We used a
primary CD4* T cell model of HIV-1 latency to screen for compounds that could
potentially reverse latency (24). Latently infected cells were treated with compounds
from the U.S. Drug Collection library for 48 h. Of the 1,280 compounds we screened, 3
exhibited effective reactivation abilities in our high-throughput platform (Fig. 1A).
SAHA (25) and disulfiram (26) were previously reported as LRAs. TSR is a peptide
antibiotic approved by the FDA for animal use (Fig. 1B) that has not been documented
for its latency reversal capacity. TSR induced viral gene expression, as indicated by
expression of green fluorescent protein (GFP), in a dose-dependent manner (Fig. 10),
and the optimal activity was at 1T uM for 48 h (Fig. 1C and D). Similar latency-reversing
effects were also observed in J-Lat cells (Fig. 1E), a widely used model of HIV-1 latency
(27). The optimal concentrations of TSR for the reactivation effect are 1 uM for J-Lat 10.6
and 2.5 uM for J-Lat A2 (Fig. 1E). To further confirm the ability of TSR to reactivate latent
HIV-1, cell-associated viral RNA transcription (long terminal repeat [LTR], Gag, Vif, or
Vpr) was measured by reverse transcription-quantitative PCR (RT-qPCR) in CD4" T cells
from individuals with ART-suppressed HIV-1 infection following TSR or phorbol-12-
myristate-13-acetate (PMA)-ionomycin treatment. TSR induced a 11.91-fold to 32.07-
fold increase of HIV-1 transcription compared to the negative control (dimethyl sulfox-
ide [DMSO]) (Fig. 1F).

We further confirmed that TSR-induced apoptosis was minimal in healthy donor
CD4+ T cells, as measured by annexin V-propidium iodide (PI) double staining at a
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FIG 1 TSR induces latent-HIV-1 reactivation in vitro and ex vivo. (A) Summary of results of screening compounds from the U.S.
Drug Collection library in a primary CD4* T cell model of HIV-1 latency. The working concentration of all compounds was 2
M. After 72 h of treatment, reactivation efficiency was measured by flow cytometry as the percentage of GFP* cells and was
normalized to the reactivation level of 50 ng/ml PMA and 1 uM ionomycin. Each bar represents the average value of triplicates.
(B) Chemical structure of thiostrepton. (C) Effects of TSR on latently infected Bcl-2-transduced CD4* T cells at the indicated
concentrations. (D) Effects of TSR on latently infected Bcl-2-transduced CD4+ T cells at the indicated time points. (E) Effects of
TSR on J-Lat 10.6 cells and J-Lat A2 cells at the indicated concentrations. (F) TSR induced latent HIV-1 expression in CD4+ T
cells from individuals with suppressive ART ex vivo. HIV-1 transcription was measured by RT-qPCR using primers specific for
the LTR (n = 9), Gag (n = 10), Vif (n = 9) or Vpr (n = 5). Fold inductions are shown relative to values for the DMSO control. All
data are means =+ SD. Significance relative to the DMSO control value is indicated as follows: **, P < 0.01; ***, P < 0.001; ****,
P < 0.0001.

working concentration of 1 uM (Fig. 2A). A Cell Counting Kit-8 (CCK-8) assay reflected
a similar level of cytotoxicity at 1 wM, and the 50% lethal dose (LDs,) was around 5 uM
(Fig. 2B and Q). Since 1 uM TSR balanced reactivation efficiency and cytotoxicity, we
used 1 uM as the working concentration for further studies. Some LRAs cause global T
cell activation and induce a “cytokine storm,” which limits their clinical application. We
found that TSR did not significantly upregulate the expression of the T cell activation
markers CD25, CD69, and HLA-DR, which is comparable to disulfiram and SAHA
(Fig. 2D). The susceptibility of CD4™ T cells to HIV-1 is closely related to the expression
of the surface HIV-1 coreceptor CCR5 or CXCR4. Similar to disulfiram and SAHA, TSR did
not change the expression of CCR5 or CXCR4 (Fig. 2E), suggesting that TSR would not
increase the susceptibility of target cells to HIV-1.

CTLs play an important role in eliminating reactivated reservoir cells (28). We tested
whether TSR impaired the function of CD8* T cells. TSR did not exert significant
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FIG 2 TSR treatment does not lead to severe cytotoxicity, global T cell activation, or coreceptor upregulation. PBMCs were isolated
from healthy donors (n = 3 [A, B, C, and DJ; n = 6 [E]) and treated with different groups of compounds for 48 h. (A) TSR has minimal
cytotoxicity in CD4* T cells. Apoptotic cells were labeled by annexin V-PI double staining, and the percentage of positive cells in each
population is shown for each concentration. (B and C) Cell viability is maintained after the indicated treatment. Cell viability was
measured with a CCK-8 assay. (D) TSR does not cause T cell activation. Surface expression of CD25, CD69, and HLA-DR was detected
by flow cytometry, and the percentages of positive cells are shown. (E) TSR does not upregulate HIV-1 coreceptor expression. CXCR4
(left) and CCR5 (right) expression on total CD4* T cells was analyzed by flow cytometry. ****, P < 0.0001 versus the DMSO control. All
data are means = SD.

cytotoxicity for CD8™ T cells (see Fig. STA in the supplemental material). PD-1 expres-
sion was slightly elevated 24 h after TSR treatment and then was quickly decreased
after 48 h and 72 h. TSR treatment showed the lowest PD-1 expression compared with
other groups at 72 h (see Fig. S1B). We also measured the effects on short-term CD8*
T cell cytokine and lytic molecule production. TSR did not have a significant effect on
CD107a, granzyme B, interferon gamma (IFN-v), or tumor necrosis factor alpha (TNF-«)
production compared to other LRAs (see Fig. S1C). Together, these results demon-
strated that TSR was highly effective at reactivating latent-HIV-1 expression in both
cellular models and patient-derived primary CD4" T cells ex vivo, without causing
global T cell activation, severe cytotoxicity, or CD8" T cell dysfunction, making it a
viable candidate for HIV-1 latency reversal.

TSR analogues also exhibit latency reversal activities, and TSR shows a good
synergistic effect when combined with other LRAs. Nine TSR analogues with good
antibacterial activity and good water solubility (29-31) were tested for their latency
reversal activities. Of these, THIO-01, THIO-02, THIO-03, THIO-05, THIO-08, and THIO-09
showed more effective reactivation than 1 uM TSR following 48 h of treatment in
latently infected primary CD4* T cells (Fig. 3A) or J-Lat 10.6 cells (Fig. 3B). The ability of
TSR and its analogues to reactivate latent HIV-1 was further assessed by using CD4+ T
cells from 5 infected individuals with ART-induced suppression. One micromolar TSR,
0.5 uM THIO-01, and 1 uM THIO-08 all induced cell-associated HIV-1 RNA transcription
efficiently ex vivo (54.68-, 96.21-, and 33.84-fold induction, respectively, compared to
the DMSO control) (Fig. 3C). Interestingly, THIO-01 worked even better than the positive
control (PMA-ionomycin). These results suggest that TSR and its compound family may
have a similar intrinsic mechanism for reactivating latent HIV-1.
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FIG 3 TSR analogues exhibit latency reversal activities, and TSR shows a good synergistic effect in
combination with other LRAs. (A) Effects of TSR analogues on latently infected Bcl-2-transduced CD4* T
cells. Reactivation efficiency by TSR analogues for 48 h was measured by flow cytometry as the
percentage of GFP* cells and was normalized to the response to 1 uM TSR. Cell viability was measured
by forward-scatter versus side-scatter gating. (B) Effects of TSR analogues on J-Lat 10.6 cells after 48 h.
Reactivation was measured by flow cytometry as the percentage of GFP* cells. (C) TSR induced latent
HIV-1 transcription in CD4* T cells from infected individuals with suppressive ART ex vivo. HIV-1
transcription was measured by HIV-1 viral quality assurance assay. Fold inductions are shown relative to
DMSO. Significance relative to DMSO control values is indicated as follows: **, P < 0.01; ****, P < 0.0001.
(D) Combinatory effects of TSR and other LARs on J-Lat 10.6 cells. Reactivation and cell viability were
measured by flow cytometry using the indicated compounds or combinations for 48 h. Significance
relative to values for TSR or other LRA treatment alone is indicated as follows: **, P < 0.01; ***, P < 0.001;
% P < 0.0001. All data are means * SD.

It has been suggested that latency reversal with a single LRA may not be enough
and that a combination of LRAs may be needed to fully activate latent HIV-1 (32). In
addition, single LRAs have not shown complete effectiveness in clinical trials so far (26,
33). To further verify the latency-reversing activity of TSR and to evaluate its potential
to act in combination with other LRAs, we performed an LRA combination experiment
in J-Lat 10.6 cells. Apparent synergistic effects were observed when TSR was combined
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with JQ1, prostratin, or bryostatin-1 (Fig. 3D). However, there was no advantage when
TSR was combined with the HDAC inhibitor SAHA or panobinostat (Fig. 3D).

TSR upregulates heat shock proteins in CD4* T cells. In order to decipher the
mechanisms underlying latent HIV-1 reactivation by TSR, we performed transcriptome
sequencing (RNA-Seq) to identify genes that were modulated by TSR versus DMSO
treatment in CD4™" T cells. Genome-wide transcriptional profiling revealed that a series
of HSP mRNAs were significantly upregulated in latently infected Bcl-2-transduced
CD4* T cells or primary CD4*+ T cells, especially HSP90 and HSP70 (HSPA1A and
HSPA1B) (Fig. 4A). KEGG pathway analysis showed totally different expression patterns
for genes regulated by TSR and PMA (Fig. 4B). Our data support the previous report that
TSR binds ribosomal protein (34), induces ER stress, and upregulates HSPs by inhibiting
proteasome (16, 19). RNA-Seq data were further confirmed in latently infected, Bcl-2-
transduced CD4™" T cells. HSP RNA transcription was significantly upregulated by TSR
(Fig. 4C, left), and HSP70 and HSP90 protein expression was also elevated upon TSR or
MG132 treatment (Fig. 4C, right). In J-Lat 10.6 cells, similar results were observed at
both the RNA level and the protein level (Fig. 4D). HSF1 is the primary transcription
factor responsible for the activation of heat shock response (HSR) to different forms of
cellular stresses (35). We observe that RNA expression of HSPs decreased when cells
were cotreated with the HSF1 inhibitor KRIBB11 (Fig. 4D). We confirmed that HSF1
knockdown downregulated RNA transcription of both HSP70 and HSP90 (see Fig. S2A
in the supplemental material). Together, these results revealed that TSR triggered the
heat shock response in CD4" T cells, which was dependent on HSF1, suggesting that
HSPs may have a role in latent HIV-1 reactivation by TSR.

TSR-mediated latent HIV-1 reactivation depends on HSF1, HSP70, and HSP90.
Recent evidence has suggested that HSP70 and HSP90 regulate HIV-1 transcription
(21-23). Proteasome inhibitors such as MG132, CFZ, and BTZ were shown to induce
latent HIV-1 reactivation dependent on HSF1 activation (20). To verify that HSF1, HSP70,
and HSP90 participate in TSR-mediated latent HIV-1 reactivation, we carried out inhi-
bition assays with TSR and various HSR inhibitors (HSF1 inhibitor KRIBB11, HSP90
inhibitors 17AAG and AUY922, and HSP70 inhibitor VER155008). We found that the
latency reversal activity of TSR was inhibited by KRIBB11, 17AAG, AUY922, and
VER155008 (Fig. 5A; also, see Fig. S3). The protein levels of HSF1 and p-HSF1(Ser-326)
were upregulated by TSR and abolished by KRIBB11 cotreatment in a dose-dependent
manner (Fig. 5B). Nuclear translocation of HSF1 is an important regulatory step for its
activation (36). We observed that TSR induced a significant increase of HSF1 nuclear
translocation in J-Lat 10.6 cells (Fig. 5C). Using short hairpin RNA (shRNA) (knockdown
of HSF1, HSP70, or HSP90) in J-Lat 10.6 cells further confirmed their functions in
TSR-mediated HIV-1 latency reversal. Knockdown efficiency was confirmed by qPCR and
Western blotting (see Fig. S2). In comparison to wild-type J-Lat 10.6 cells, HSF1, HSP70,
or HSP90 knockdown significantly impaired latent HIV-1 reactivation induced by TSR
(Fig. 5D). Therefore, our results demonstrated that the heat shock response is critical in
TSR-mediated HIV-1 latency reversal.

TSR reactivates HIV-1 through the NF-«B and p-TEFb pathways. To further verify
which downstream signaling pathway of heat shock response directly drives latent
HIV-1 transcription, we utilized specific inhibitors to block pathways known for their
transcriptional activities on HIV-1. Our data revealed that NF-«B inhibitor (Bay11-7082)
and p-TEFb inhibitor (DRB) had a significant inhibitory effect on TSR-mediated latent
HIV-1 reactivation in a dose-dependent manner (Fig. 6A; also, see Fig. S3), while a PKC
inhibitor (Go6983) and an NFAT (nuclear factor of activated T cells) inhibitor (cyclospo-
rine) did not have any effect. In agreement with viral protein expression, TSR upregu-
lated the expression of corresponding proteins (p65 and CDK9) and Bay11-7082 or DRB
abolished TSR's effect in J-Lat 10.6 cells (Fig. 6B and Q). It is well known that migration
of the p65/p50 complex into the nucleus is a key step of NF-kB activation (37). We
found that the nuclear localization signal of p65 was significantly elevated following
TSR treatment (Fig. 6D), confirming that the NF-kB pathway was activated by TSR. In
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FIG 4 TSR upregulates heat shock proteins in CD4+* T cells. (A) HSP gene transcription was upregulated after TSR treatment. CD4* T cells
from healthy donors and latently infected Bcl-2-transduced CD4+ T cells (M, Bcl-2 model) were treated with DMSO, TSR, or PMA for 72 h;
total RNA was then subjected to RNA-Seq. A heat map of HSP gene transcription is shown. (B) Enrichment plots depict KEGG pathways
upmodulated by TSR or PMA versus the DMSO control. (C and D) TSR upregulated HSP expression. Latently infected Bcl-2-transduced
CD4+ T cells (C) or J-Lat 10.6 cells (D) were treated with DMSO, TSR, or TSR-KRIBB11 for 24 h. RNA transcription was detected by qPCR
(C and D, left). Graphs show relative expression of the indicated genes compared to the DMSO control, which was set at 1. HSP70 and
HSP90 were measured by Western blotting (C and D, right). For panels A and B, the R package DEGseq was used, and the differentially
expressed genes (DEGs) were identified based on a log, fold change value of =1 and a P value of =0.05. (C and D) Significance relative
to the DMSO control is indicated as follows: *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. All data are means + SD.

13¥310179191907014 1e 0202 ‘2T AN uo /610 wsedee//:dny woij papeojumod

comparison to wild-type J-Lat 10.6 cells after TSR treatment, HSF1, HSP70, or HSP90
knockdown significantly reduced the p65 (Fig. 6D) and CDK9 (Fig. 6E) nuclear localiza-
tion signals. Together, our data clearly indicated that NF-kB and p-TEFb are down-
stream of the heat shock response in the signaling pathway underlying TSR-mediated
latency reversal.
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FIG 5 TSR-mediated latent HIV-1 reactivation depends on HSF1, HSP70, and HSP90. (A) HSP-specific inhibitors counteract
latency reversal by TSR. TSR was used alone or was combined with inhibitors on latently infected Bcl-2-transduced CD4*
T cells for 48 h at the indicated concentrations. The percentage of GFP* cells was measured by flow cytometry and was
normalized to the response to 1 uM TSR treatment. Significance relative to TSR alone is indicated as follows: *, P < 0.05;
** P <0.01; ** P<0.001; ****, P <0.0001. (B) KRIBB11 counteracts TSR-mediated upregulation of HSF and pHSF1. J-Lat
10.6 cells were treated with TSR alone or together with KRIBB11 at the indicated concentrations for 2 h. Levels of the
corresponding proteins were measured by Western blotting. (C) HSF-1 nuclear localization increases after TSR treatment.
J-Lat 10.6 cells were treated with 1 wM TSR for 2 h. HSF1 immunofluorescence staining was performed (C, left). Pearson’s
correlation coefficient reflects nuclear localization of HSF1 (C, right). ***, P < 0.001 versus DMSO control. (D) Knockdown
of HSF1, HSP70, or HSP90 reduces TSR-mediated latent HIV-1 reactivation. shRNAs of HSF1, HSP70, and HSP90 were
transduced into J-Lat 10.6 cells. The percentage of GFP* cells after knockdown was measured by flow cytometry after 1 uM

TSR treatment for 36 h. **, P < 0.01 versus the TSR (1 uM) group. All data are means = SD.

DISCUSSION

The presence of an extremely stable viral latent reservoir in infected individuals is
considered the main obstacle to curing HIV-1 infection. Finding efficient, safe, and
highly viable LRAs or suitable combinations is critical to viral eradication. Previously
reported LRAs, such as histone deacetylase inhibitors, p-TEFb activators, and PKC
activators, have achieved good reactivation in vitro and ex vivo, but little reduction of
the latent reservoir was observed in clinical trials (26, 38). It is still urgent to discover
novel, effective, and safe LRAs or to optimize the potential ability of the existing LRAs.
Here, by taking advantage of a previously described primary cell model (24), we
screened more than 1,280 FDA-approved compounds and successfully identified TSR as
a highly efficient LRA.

Besides its antibiotic effects, TSR is also known for its potential to inhibit cancer cells
(15, 17). Currently, there are three proteasome inhibitors approved by the FDA to treat
multiple myeloma or mantle-cell lymphoma in clinical trials: BTZ, CFZ, and ixazomib
(39). Some proteasome inhibitors have been reported for their ability to induce latent
HIV-1 reactivation (20), and the effect of ixazomib on the latent HIV-1 reservoir is being
evaluated in a clinical trial (NCT02946047). Therefore, proteasome inhibitors, including
TSR, will be a promising drug class of great clinical significance in future applications.
TSR analogues and a large synergistic effect with other LRAs also improve TSR's value
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FIG 6 TSR reactivates HIV-1 through the NF-kB and p-TEFb pathway. (A) Inhibitors of the NF-kB and p-TEFb pathway affect
TSR-mediated latency reversal. Latently infected Bcl-2-transduced CD4+ T cells were treated with TSR alone or with specific
inhibitors for 48 h at the indicated concentrations. The percentage of GFP* cells was measured by flow cytometry and was
normalized to the response to 1 uM TSR treatment. Significance relative to TSR alone is indicated as follows: *, P < 0.05;
** P<0.01; ***, P<0.001; ****, P<0.0001. (B and C) p-TEFb and NF-«B inhibitors reduce the corresponding signaling
pathway. J-Lat 10.6 cells were treated with TSR alone or with DRB (B) or Bay11-7082 (C) at the indicated concentrations
for 24 h. The expression of the corresponding proteins was measured by Western blotting. (D and E) Knockdown of HSF1,
HSP70, or HSP90 decreases nuclear signal after TSR treatment. J-Lat 10.6 cells were treated with T uM TSR for 5 h. Pearson’s
correlation coefficient reflects the p65 (D) or CDK9 (E) nuclear localization ratio. Significance relative to the TSR (1 wM)

group is indicated as follows: *, P < 0.05; **, P < 0.01; ****, P < 0.0001. All data are means * SD.

for clinical application. However, which functional group(s) in these TSR analogues is
crucial to the mechanism of latent HIV-1 reactivation needs to be further explored.

It has been reported that TSR induces ER stress in promoting tumor cell apoptosis
and then initiates the heat shock response to maintain intracellular homeostasis (19,
40). Our studies showed that TSR triggered significant upregulation of HSPs in CD4* T
cells and induced HIV-1 transcription subsequently through the NF-«B and p-TEFb
pathway, combining mechanisms of transcriptional initiation and elongation, which
may lead to an optimal reactivation. HSF1 is a master regulator of HSPs by binding heat
shock elements (HSEs) upstream of heat shock genes (41). Previous reports have
suggested that phosphorylated HSF1 interacts with the HSE domain in the HIV-1 5" LTR
and positively regulates HIV-1 expression (42). Our data further solidify the important
role of HSF1 in reactivating latent HIV-1 transcription.

The molecular chaperone HSP70 and the kinase-specific chaperone HSP90/Cdc37
were implied to act on the stabilization and folding of Cdk9 and the assembly of the
Cdk9-cyclin T1 complex responsible for the p-TEFb-mediated Tat activation of HIV-1
transcription (23). HSP70 binding protein 1 (HspBP1), an HSP70 cochaperone, was
identified as a host-intrinsic inhibitor of HIV-1. HspBP1 was recruited to the NF-«B
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enhancer domain on the HIV-1 LTR, which impeded the binding of p50/p65 (36). We
hypothesize that the increased expression of HSP70 triggered by TSR may rescue the
inhibition of HIV-1 transcription by HspBP1 through competitive binding.

HSP90 expression was also regulated by NF-«B. Evidence indicated that NF-xB
binding to the 5’-flanking region of the HSP90 promoter would upregulate HSP90 (43).
The HSP90 inhibitor 17AAG reduced the degradation of IkBa and blocked nuclear
translocation of p65/p50, which eventually suppressed the NF-«kB pathway. However,
the role of active NF-«B signaling in regulating HSP90 or other HSPs in HIV-1-infected
cells is still unclear and warrants further investigation.

In summary, our study has reported a novel LRA, TSR, which is effective in activating
latent HIV-1 transcription without causing global T cell activation. TSR has minimal
toxicity, does not increase the susceptibility of target cells to HIV-1, and does not induce
CD8™ T cell dysfunction, making it a promising new compound for future applications
aiming to reduce the reservoir of latent HIV-1.

MATERIALS AND METHODS

Study approval. The use of peripheral blood mononuclear cells (PBMCs) from healthy adult donors
was approved by the Institutional Review Board of Guangzhou Blood Center (Guangzhou, Guangdong,
China). PBMCs from HIV-1-infected patients were collected at The Fifth Affiliated Hospital of Sun Yat-sen
University (Zhuhai, Guangdong, China). This study was approved by the Ethics Review Boards of The Fifth
Affiliated Hospital of Sun Yat-sen University (2018K41-1). All human participants provided written
informed consent for their participation in the study and agreed with the publication of the scientific
results.

Cell culture. J-Lat 10.6 cells and J-Lat A2 cells were originally generated in Eric Verdin’s laboratory
(The Buck Institute for Research on Aging, Novato, CA) and were obtained from Robert F. Siliciano’s
laboratory (Department of Medicine, Johns Hopkins University School of Medicine, Baltimore, MD).
PBMCs from healthy adult donors were provided by the Guangzhou Blood Center (Guangzhou, Guang-
dong, China), The ages of the HIV-negative donors included in our study ranged from 18 to 65 years. CD4
and CD8 counts were in the normal range of clinical test values, and none of the donors was infected
with HIV-1. PBMCs from HIV-1-infected individuals were collected in The Fifth Affiliated Hospital of Sun
Yat-sen University (Zhuhai, Guangdong, China). HIV-1-infected individuals were selected based on
sustained suppression of plasma viral load (plasma viral loads of <50 copies/ml) for at least 12 months
and a CD4 count of >400 cells/ul. Their essential information is provided in Table S1 in the supplemental
material. PBMCs were isolated by density gradient centrifugation using Ficoll (TBDscience). All the J-Lat
cell lines and PBMCs were cultured in RPMI 1640 (Gibco) supplemented with 1% penicillin-streptomycin
and 10% fetal bovine serum (FBS) (Gibco).

Generation of a Bcl-2-transduced primary CD4* T cell model. The protocol used is from Robert
F. Siliciano’s lab (Department of Medicine, Johns Hopkins University School of Medicine, Baltimore, MD)
(24). Briefly, primary CD4*+ T cells were isolated from PBMCs with a human CD4* T lymphocyte
enrichment set (Becton Dickinson, USA) according to the manufacturer’s instructions, and purity
was >95%. CD4+ T cells were costimulated with anti-CD3 and anti-CD28 antibodies (BioLegend) and
were transduced with the Bcl-2 expression vector EB-FLV at a multiplicity of infection (MOI) of 5 to 10 by
spinoculation at 1,200 X g at room temperature for 2 h. Following 3 to 4 weeks of culture, viable cells
were isolated using Ficoll density gradient centrifugation. We then infected activated Bcl-2-transduced
cells with reporter virus NL4-3-A6-drEGFP at an MOI of less than 0.1. We maintained the infected cells in
interleukin 2 (IL-2)- and T cell growth factor-enriched medium for 3 days after infection. We then
incubated the infected cells in RPMI 1640 with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin without exogenous cytokines for more than 1 month. Finally, we isolated the GFP~ cells to
more than 99.9% purity using fluorescence-activated cell sorting (FACSAria II; Becton Dickinson). NL4-
3-A6-drEGFP and EB-FLV were gifts from Robert F. Siliciano’s laboratory.

High-throughput drug screening. Latently infected cells (1 X 10°) were resuspended in 200 ul of
medium (RPMI 1640 with 10% FBS and 1% penicillin-streptomycin) and were cultured in round-bottom
96-well plates. The cells were then treated with different compounds at 2 uM. As a positive control, cells
were treated with 50 ng/ml PMA and 1 uM ionomycin. After 72 h of cell culture at 37°C, reactivation of
latent HIV-1 was determined by quantifying the percentage of GFP* cells using the standard mode of the
high-throughput sampler in LSRFortessa and analyzed using Plate Manager (BD Biosciences). The
percentage of GFP* cells was normalized based on the response to 50 ng/ml PMA and 1 uM ionomycin.

Flow cytometry analysis. After treatment, cells were collected to calculate the percentage of GFP*
cells and determine the level of HIV gene expression by flow cytometry through the fluorescein
isothiocyanate (FITC) channel (LSRFortessa; Becton Dickinson). Surface staining was performed with
fluorochrome-conjugated antibodies, including CD3-BV421 (OKT3), CD4-APC-Cy7 (OKT4), CD8-peridinin
chlorophyll protein (PerCP) (RPA-T8), CD25-phycoerythrin (PE) (BC69), CD69-FITC (FN50), HLA-DR-PE
dazzle 594 (L243), PD-1-PE (EH12.2H7), CD107a-allophycocyanin (APC) (H4A4), CXCR4-PE-Cy7 (12G5), and
CCR5-APC (J418F1). Intracellular staining was subsequently performed with granzyme B-AF647 (GB11),
IFN-y-BV605 (4S.B3), and TNF-a-APC (MAb 11) antibodies (BioLegend). The fluorescence value was
analyzed by FlowJo (version 10.4.0).
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qPCR. Cells were incubated with different drugs for different time intervals. Total RNA was extracted
using TRIzol (Invitrogen) and chloroform and then precipitated with isopropyl alcohol. RNA reverse
transcription to ¢cDNA was done according to the procedure for the SuperScript IV system control
reactions (Thermo Fisher). Quantitative PCR was performed using SYBR qPCR master mix (Vazyme) on a
QuantStudio 3 PCR system (Thermo Fisher) using a standard two-step procedure (denatured at 95°C for
10 s and annealed-extended at 60°C for 30 s; 40 cycles). RT-PCR primer sequences are shown in Table S2
and are consistent with a previous report (44). The 2=22¢T method was adopted to analyze the relative
expression of mRNAs, using the GAPDH (glyceraldehyde-3-phosphate dehydrogenase) gene as the
reference gene.

Viral quality assurance. Total cellular RNA was extracted from 1 million CD4" T cells after 24 h of
stimulation followed by reverse transcription. Real-time PCR was performed using the TagMan (Life
Technologies) gene expression assay. HIV-1 mRNAs were detected using the following primers and probe
(modified from the work of Shan et al. [44]): forward (5'—3'), CAGATGCTGCATATAAGCAGCTG (9501 to
9523); reverse (5'—3"), TTTTTTTTTTTTTTTTTTTITITITGAAGCAC [9629 to the poly(A) taill; probe (5'—3’),
6-carboxyfluorescein (FAM)-CCTGTACTGGGTCTCTCTGG-MGB (9531 to 9550), The cycling parameters
were as follows: 2 min at 50°C, 10 min at 95°C, and 45 to 50 cycles at 95°C for 15 s and then 60°C for 60
s. Molecular standard curves were generated using serial dilutions of a TOPO plasmid containing the last
352 nucleotides of viral genomic RNA plus 30 deoxyadenosines (pVQA). Results for each drug treatment
are presented as fold change relative to the DMSO control (means * standard deviations [SD]).

Cytotoxicity assays. The cell death ratio was evaluated by an annexin V-PI double staining assay.
The cells were incubated with annexin V-FITC at room temperature for 15 min, Pl was added, and the
stained cells were analyzed by flow cytometry. Cell viability was measured with CCK-8 (MedChem-
Express). PBMCs were plated at 1 X 10° cells per well in a 96-well plate and incubated with drugs for 48
h. Then, 10 ul of CCK-8 reagent was added to 100 ul of cell culture mixture and incubated for an
additional 4 h. Optical density (OD) was recorded at a wavelength of 450 nm on a microplate reader
(Molecular Devices). The cell viability was calculated as follows: [(ODy,eateqd = ODpiank contron’(ODuntreated —
Do contro] X 100.

RNA-Seq. Freshly isolated CD4* T cells and latently infected, Bcl-2-transduced CD4+ T cells were
stimulated with DMSO, PMA, or TSR for 2 days. Total RNA from each group was extracted with TRIzol
reagent and quantified using a Nanodrop 2000 spectrophotometer (Thermo Fisher). The RNA quality was
determined using the Agilent 2100 bioanalyzer. The RNA-Seq library was built with a TruSeq stranded
mMRNA library prep kit (Illumina) and sequenced with HiSeq X Ten (lllumina) at Novogene (Beijing, China).
Raw reads from the RNA-Seq data were quality-controlled by the FastQC tool and trimmed using
Trimmomatic (48) for the removal of adapter and low-quality sequences. The resulting clean reads were
mapped to human reference genome NCBI build 38 (GRCh38) by Hisat2 (45) with default parameters.
Gene expression levels were calculated using the Stringtie software based on the number of reads per
kilobase per million mapped reads (RPKM). Differentially expression analysis was performed using the R
package DEGseq, and the differentially expressed genes (DEGs) were identified based on a log, fold
change value of =1 and a P value of =0.05. The DEG expression levels were visualized with a heat map
or scatter plot by using the R package gplots.

Western blotting. After treatment, cells were lysed in radioimmunoprecipitation (RIPA) lysis buffer
(10 mM Tris-HCl buffered at pH 7.5, 150 mM Nacl, 0.5% NP-40, 1% Triton X-100, 10% glycerol, 2 mM EDTA,
1mM NaF, 1 mM Na,VO,, 1X protease and phosphatase inhibitor cocktail) and incubated on ice for
30 min, followed by centrifugation at 12,000 X g for 10 min at 4°C. The supernatants were collected as
a whole protein extract. Protein samples were stored at —80°C or directly used for Western blotting. The
protein extract was denatured by addition of NUPAGE running buffer (Thermo Fisher), followed by
denaturation at 100°C for 10 min, and 50 g of total protein was subjected to electrophoresis for 1.5 h
on a 10% polyacrylamide gel to separate the proteins, transferred onto polyvinylidene difluoride (PVDF)
membranes (Bio-Rad), and coincubated with primary and secondary antibodies. The antibodies were
diluted with 5% bovine serum albumin (BSA). Subsequently, blots were imaged on an infrared (IR)
laser-based fluorescence imaging system (LI-COR Odyssey).

Immunofluorescence. CD4* T cells (1 X 10%/ml) were isolated by magnetic activated cell sorting and
then plated on a Lab-Tek Il chambered cover glass (Thermo Fisher) which had been pretreated with
poly-lysine (Sigma-Aldrich). Twelve hours later, cells were treated with DMSO or TSR for another 2 h. The
coverslips were washed once with 1X phosphate-buffered saline, and bound cells were fixed in 4%
formaldehyde for 15 min at room temperature. Fixed cells were permeabilized by sequential treatments
with 0.2% Triton X-100 (Sigma-Aldrich) for 10 min followed by 1X Perm/Wash buffer (Becton Dickinson)
for 30 min. After blocking with 10% normal goat serum (Boster) for 15 min, cells were immunostained for
2 h at room temperature with primary antibodies against HSF1 and p65. Then, the cells were washed
three times with 1X Perm/Wash buffer and incubated with a 1:100 dilution of Cy3-conjugated anti-rabbit
IgG secondary antibody (Sigma-Aldrich) for 1 h. After the coverslips had been washed with 1X
Perm/Wash buffer, they were counterstained with 1 ug/ml DAPI (Sigma-Aldrich) and mounted onto glass
slides with ProLong antifade (Thermo Fisher). Fluorescent images were captured with a Leica DM6B
microscope. Nuclear and cytoplasmic localization were analyzed with ImageJ.

shRNA-mediated knockdown. shRNA targeting luciferase (shluc; 5'-ACCGCCTGAAGTCTCTGATTAA-
3’) was set as the negative control (46). The shRNA target sequence specific for the coding sequence is
shown in Table S3. Target sequences were cloned into pLKO.3G-RFP, which was derived from pLKO.3G
(Addgene plasmid number 14748). The GFP tag was replaced with a red fluorescent protein (RFP) tag in
pLKO.3G-RFP. Pseudotyped viral stocks were produced in HEK293T cells by cotransfecting 2.2 ug of
vesicular stomatitis virus glycoprotein (VSV-G) expression vector, 4.4 ug of lentiviral packaging construct
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pCMVDR8.2, and 4.4 ug of an shRNA expression lentiviral construct using Lipofectamine 2000 (Thermo
Fisher) according to the manufacturer’s instruction. The VSV-G expression vector was obtained from
Addgene (Addgene plasmid number 12259). pPCMVDR8.2 was a kind gift from Didier Trono (School of Life
Sciences, Ecole Polytechnique Fédérale de Lausanne, Lausanne, Switzerland) (47). Virus supernatants
from each 10-cm dish were concentrated in 1 ml RPMI 1640 with polyethylene glycol (PEG) 6000. J-Lat
10.6 cell lines were spin-infected with the shRNA virus. The infection efficiency was measured based on
the percentage of RFP-positive cells determined by flow cytometry after 48 h. The knockdown efficiency
was confirmed by both qPCR and Western blotting. Infected cells were treated with TSR (Selleckchem)
for another 48 h, and the percentages of GFP* cells were determined by flow cytometry and analyzed
with FlowJo.

Statistics. Statistical analyses were performed with GraphPad Prism 7 (GraphPad), and a P value
of <0.05 was considered significant for all comparisons. The two-tailed unpaired Student’s t test was
used unless otherwise specified.

Data availability. RNA-Seq data are available in the Sequence Read Archive database. The accession
numbers are SRR11144590, SRR11144591, SRR11144592, SRR11144593, SRR11144594, and SRR11144595.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.5 MB.
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