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Among CD4+ T cells, T helper 17 (Th17) cells are particularly sus-
ceptible to HIV-1 infection and are depleted from mucosal sites,
which causes damage to the gut barrier, resulting in a microbial
translocation-induced systemic inflammation, a hallmark of dis-
ease progression. Furthermore, a proportion of latently infected
Th17 cells persist long term in the gastrointestinal lymphatic tract
where a low-level HIV-1 transcription is observed. This residual
viremia contributes to chronic immune activation. Thus, Th17 cells
are key players in HIV pathogenesis and viral persistence. It is,
however, unclear why these cells are highly susceptible to HIV-1
infection. Th17 cell differentiation depends on the expression of
the master transcriptional regulator RORC2, a retinoic acid-related
nuclear hormone receptor that regulates specific transcriptional
programs by binding to promoter/enhancer DNA. Here, we report
that RORC2 is a key host cofactor for HIV replication in Th17 cells.
We found that specific inhibitors that bind to the RORC2 ligand-
binding domain reduced HIV replication in CD4+ T cells. The deple-
tion of RORC2 inhibited HIV-1 infection, whereas its overexpression
enhanced it. RORC2 was also found to promote HIV-1 gene expres-
sion by binding to the nuclear receptor responsive element in the
HIV-1 long terminal repeats (LTR). In treated HIV-1 patients, RORC2+

CD4 T cells contained more proviral DNA than RORC22 cells. Phar-
macological inhibition of RORC2 potently reduced HIV-1 outgrowth
in CD4+ T cells from antiretroviral-treated patients. Altogether,
these results provide an explanation as to why Th17 cells are highly
susceptible to HIV-1 infection and suggest that RORC2 may be a
cell-specific target for HIV-1 therapy.
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Ahallmark of HIV-1 infection is systemic inflammation,
which can best predict disease progression (1, 2). A signifi-

cant proportion of people living with HIV (PLWH) with unde-
tectable plasma viral load during antiretroviral therapy (ART)
have systemic inflammation, the severity of which correlates
with the overall mortality, morbidity, and comorbidity (1, 2).
This inflammation also supports viral persistence by promoting
homeostatic proliferation and clonal expansion of memory
CD4+ T cells carrying HIV-1 reservoirs (3, 4) by enhancing
their migration into lymphatic organs and by inducing their
activation, which stimulates local HIV-1 infection and reactiva-
tion from latency (5). The systemic inflammation observed in
some virally suppressed individuals indicates that the wide-
spread and ongoing virus replication is not the main cause of
this immune disorder; instead, substantial evidence suggests
that inflammation has a predominantly indirect origin and is
linked to alterations at mucosal sites (1, 6, 7).

T helper 17 (Th17) cells are a heterogeneous subset of
CD4+ T cells that express the chemokine receptor CCR6 and

produce lineage-specific cytokines such as IL-17A, IL-21, and
IL-22 (8–10). They are mainly found in the intestinal lamina
propria and vaginal cervix mucosa, where they maintain the
immunological barrier to microbiota including bacteria and
fungi (9–11). Remarkably, Th17 cells, which are preferentially
targeted by HIV-1 in vitro and in vivo (10, 11), are also among
the very first cells infected upon Simian immunodeficiency virus
(SIV) vaginal exposure in macaques (12). As a consequence,
Th17 cells are depleted from the gut and vaginal mucosa during
acute infection in both PLWH (10, 11) and in SIV-infected
monkeys (13, 14). The depletion of Th17 cells from the gastro-
intestinal lymphatic tract (GALT) of HIV-1–infected individu-
als has critical consequences for disease progression and viral
persistence (7). Studies in PLWH and in pathogenic models
of SIV infection showed that the loss of Th17 cells correlates
with systemic inflammation, putatively via the disruption of
the immunological homeostasis at the mucosal barriers and the
translocation of bacterial products from the mucosa into the
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circulation (15, 16). Bacterial and fungal products then trigger
the release of proinflammatory cytokines by various immune
cells, establishing and maintaining systemic inflammation (7,
16, 17). These events are so critical that the loss or maintenance
of Th17 cells can discriminate between pathogenic and nonpa-
thogenic lentiviral infections (13, 17). Nevertheless, a propor-
tion of infected Th17 cells are long lived and constitute a
component of the viral reservoir in the gut (8, 18–22), under-
scoring their importance in maintaining viral persistence during
ART.

Despite these major insights, we do not fully understand why
Th17 cells are preferentially targeted by HIV-1 for infection
and how they are lost during the early acute phases of the
disease (10, 11). Also, the mechanisms that govern HIV-1
reactivation from latency in long-lived Th17 cells carrying
viral reservoirs in ART-treated PLWH are still unclear.

The differentiation and effector functions of Th17 cells
depend on the expression of the master regulator retinoic acid
receptor-related orphan receptor 2, RORC2 (RORγt in mice)
(23–25). Here, we report that RORC2 is a bona fide host cofac-
tor for HIV-1 gene expression in Th17 cells and identify small
molecule RORC2 inhibitors that potently block HIV-1 replica-
tion/outgrowth without widespread cell toxicity. These findings
establish a key molecular link between RORC2 expression and
HIV-1 replication and suggest that RORC2 may be a Th17 cell-
specific target to mitigate the loss of Th17 cells induced by their
preferential HIV-1 infection.

Results
RORC2 Is a Druggable Host Dependency Factor for HIV-1. In a previ-
ous compound screening experiment to find small molecules with
anti-HIV-1 activity, we identified two hits (digoxin and digitoxin)
that are known antagonists of both RORC2 and the Na+/K+

ATPase (26–28). Although we and others showed that digoxin
affects HIV-1 gene expression mainly via the Na+/K+ ATPase
(27–29), digoxin-mediated inhibition of HIV-1 infection was also
observed in Jurkat cells expressing the mouse Na+/K+ ATPase
(27), which does not bind to digoxin, suggesting that RORC2
might be a secondary target. To confirm and extend our initial
observation, we tested several new well-characterized RORC2
inhibitors developed by GlaxoSmithKline (GSK). Compounds
GSK261805A, GSK2837270A, GSK2793955A, and GSK283726
are bound to the RORC2 ligand-binding domain (LBD) with
nanomolar affinity and displaced steroid receptor coactivator-1
(SRC1) (30), whereas GSK2833332A and GSK2805956A had no
measurable affinity up to 10 μM (SI Appendix, Table 1). The com-
pounds with a high affinity for RORC2 LBD also inhibited
expression of a reporter luciferase gene under the control of the
human IL-17A enhancer/promoter with micromolar IC50s (SI
Appendix, Table 1), which goes in agreement with the observation
that RORC2 induces IL-17 expression by binding at promoter
and enhancer regions in the IL-17 locus (31). Initially, we sought
to test the compounds’ antiviral activity in Jurkat cells, which does
not require stimulation and whose susceptibility to HIV-1 infec-
tion is less variable than that of primary CD4+ T cells. To deter-
mine if Jurkat cells express RORC2 and hence may be sensitive
to the compounds, we performed RT-qPCR using two sets of pri-
mers that specifically amplify either RORC2 or RORC1, an alter-
native spliced isoform that differs from RORC2 at its N-terminal
region and is not normally expressed in CD4+ T cells (32). This
analysis showed that Jurkat cells and memory CD4+ T cells
express RORC2 but not RORC1 transcripts (SI Appendix, Fig. 1
A and B); RORC2 protein expression was also confirmed in
Jurkat cells by Western blot (SI Appendix, Fig. 1C). A single cycle
HIV-1 LAIΔenv virus expressing green fluorescent protein (GFP)
and pseudotyped with vesicular stomatitis virus G-gycoprotein
(hereafter called HIV-1 LAIGFP) (33) was used to infect Jurkat

cells in the presence of increasing concentrations of RORC2
inhibitors or dimethyl sulfoxide (DMSO). Infected cells were ana-
lyzed by flow cytometry 48 h postinfection and assessed for cell
toxicity by alamarBlue or LIVE/DEAD staining. Compound
GSK2837269A was the most potent followed by GSK2837270A
and GSK2793955A, whereas GSK2805956A and GSK2833332A
showed lower potency (Fig. 1), which is consistent with their low
affinity for RORC2 (SI Appendix, Table 1). None of the com-
pounds showed detectable cytotoxicity.

Next, we tested the activity of the RORC2 inhibitors on HIV-1
replication in primary CD4+ T cells. Memory CD4+ T cells were
isolated from five HIV-uninfected healthy donors (HIV-), stimu-
lated with CD3/CD28 antibodies (Abs), and infected with HIV-
1THRO, a transmitted/founder virus (8), in the presence of
GSK2691805A or DMSO (34, 35) (Fig. 2A). We observed that
GSK2691805A potently reduced HIV-1 replication (Fig. 2 B–D).
The other RORC2 inhibitors GSK2837269A, GSK2793955A,
and GSK2833332A also reduced HIV-1 replication at a concen-
tration of 5 μM, although the differences did not reach statistical
significance (Fig. 2 E and F). We observed some differences in
the compounds’ potency to inhibit HIV replication between
Jurkat and primary CD4+ T cells at the 5 μM concentration:
GSK2837270A was active in Jurkat cells but not in primary
CD4+, and conversely, GSK283332A was inactive in Jurkat cells
but showed an antiviral activity in primary CD4+ T cells.
GSK2837270A may be less potent in primary cells due to its dif-
ferent susceptibility to drug transporters and efflux pumps (36)
or faster degradation in these cells. All compounds except for
GSK2833332A reduced IL-17A but not IFN-γ production at 5
μM (SI Appendix, Fig. 2 A and B). This result suggested that
GSK2833332A might inhibit HIV-1 infection in primary cells by
a mechanism independent of RORC2. No cytotoxicity or changes
in cell proliferation for any of the compounds was observed at
the tested concentrations (SI Appendix, Fig. 3). Using the same
experimental design, GSK2691805A also reduced replication of
the primary isolate HIVNL4.3BaL, which is well adapted to grow in
primary CD4+ T cells (SI Appendix, Fig. 4 D and E). Therefore,
inhibition of RORC2 impairs the replication of different HIV
strains in Jurkat and primary CD4+ Tcell models.

The pool of memory CD4+ T cells includes a Th17-polarized
fraction for which the expression of Th17 effector functions
requires T cell receptor (TCR) triggering (10, 37). To determine
if RORC2 expression in this Th17-polarized population pro-
moted HIV-1 infection in vitro, memory CD4+ T cells from
healthy donors were stimulated for 3 d and infected with HIV-
1THRO (SI Appendix, Fig. 5A). At 6 d postinfection, the cells were
analyzed by flow cytometry to detect RORC2 and HIV-p24
expression. The percentage of HIV-p24+ cells was higher in
RORC2+ than in RORC2� cells in all five donors, indicating bet-
ter HIV-1 infection rates in cells expressing RORC2 (SI
Appendix, Fig. 5 B and C). In parallel, CD4+ T cells from these
same donors were analyzed by flow cytometry to detect HIV-p24
expression in cells producing IL-17A and/or IFN-γ (IL-17A and
IFN-γ are markers of Th17 cells and Th1 cells, respectively)
upon simulation with phorbol 12-myristate 13-acetate PMA/Iono-
mycin (SI Appendix, Fig. 5 D–F). Notably, in these experimental
settings, we confirmed that Th17- and Th17/Th1-polarized cells
had a significantly higher proportion of HIV-p24+ cells than Th1
cells or unpolarized Th0 cells, which is consistent with their
reported increased permissiveness to infection (10, 11).

To validate RORC2 as a host cofactor for HIV-1 infection,
we generated three different hairpins targeting RORC2 mes-
senger RNA (mRNA) and transduced them using lentiviral
vectors into reporter Jurkat 1G5 cells, which express luciferase
from the stably transfected HIV-1 LTR (38). We confirmed
RORC2 knockdown (KD) by Western blot (Fig. 3A) and
infected the cells with HIV-1NL4.3, which is well adapted to rep-
licate in Jurkat cells. We found a reduced HIV-1 replication in
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KD cells relative to control cells, and this phenotype was pro-
portional to the degree of RORC2 depletion, indicating specif-
icity (Fig. 3B). To test if RORC2 was sufficient to promote
HIV-1 infection, we expressed RORC2 complementary DNA
(cDNA) in 293T cells, which do not normally express endoge-
nous RORC2 (39) (Fig. 3C), and infected them with VSV-
G–pseudotyped, single-cycle HIV-1 LAIGFP in the presence of
DMSO or the RORC2 inhibitor GSK2837269A, which had the
best activity/toxicity profile in Jurkat cells (Fig. 1). Exogenous
expression of RORC2 in 293T cells enhanced HIV-1 LAIGFP

infection above the already high basal levels, and this pheno-
type was abrogated by GSK2837269A (Fig. 3D). No inhibitory
effect on infection was observed with GSK2837269A in control
293T cells at 12μM, consistent with the fact that they do not
express the target. We also stably expressed a myc-tagged
RORC2 cDNA in Jurkat cells using a retroviral vector con-
struct and infected the cells with the HIV-1 LAIGFP virus. We
found that Jurkat cells expressing exogenous RORC2 sustained
better infection relative to control cells (Fig. 3 E and F) in
agreement with the 293Tcells data. To confirm the specificity of
the RORC2 drug action, HIV-1THRO–infected primary CD4+ T
cells and ACH2 cells [a cell line carrying integrated HIV-DNA
(40, 41)] were cultured in parallel in the presence or the
absence of GSK261805A. As shown in SI Appendix, Fig. 1 A
and B, ACH2 cells express insignificant levels of RORC2 and
RORC1 mRNA compared to memory CD4+ Tcells and should
therefore be insensitive to the RORC2 inhibitors. As expected,
GSK261805A inhibited HIV-1 infection in CD4+ Tcells but not
in ACH2 cells, confirming RORC2 as the target mediating the
phenotype (Fig. 3 G and H).

We next sought to further validate RORC2 as a cofactor for
HIV-1 infection by mRNA depletion in primary CD4+ T cells.
Memory CD4+ T cells were CD3/CD28 stimulated for 2 d and
then nucleofected with a small interfering RNA (siRNA) tar-
geting RORC2 mRNA or a nontargeting control siRNA. A
total of 1 d after nucleofection, the cells were infected with
replication-competent HIV-1NL4.3BaL. At day 3 postinfection,
we observed partial inhibition of the RORC2 mRNA expres-
sion in all the tested donors, which resulted in a lower IL-17A

production from the treated cells relative to controls (SI
Appendix, Fig. 6) and a small but significant reduction of HIV-1
infection as measured by the quantity of proviral DNA (Fig.
3I). Finally, because RORC2 is preferentially expressed by
CCR6+ Th17 cells (42), RORC2 siRNA experiments were simi-
larly performed on flow cytometry–sorted CCR6+ (Th17) and
CCR6� (non-Th17) CD4+ T cells. The highest levels of HIV
replication were detected in CCR6+ T cells, which agrees with
previous reports by our group and others (8, 18, 19, 21, 22). It
is noteworthy that the depletion of RORC2 mRNA resulted in
a significant reduction in proviral DNA and HIV-p24 levels in
the CCR6+ subset with no effects observed in CCR6� T cells,
indicative of decreased HIV-1 replication upon RORC2 deple-
tion (Fig. 3 J and K). Taken together, these pharmacological
and genetic approaches demonstrated that RORC2 promotes
HIV-1 replication.

RORC2 Regulates HIV-1 Gene Expression. To determine the step of
the viral replication cycle that was impaired by the anti-RORC2
compounds, we infected Jurkat cells with single-cycle HIV-1
LAIGFP at a multiplicity of infection (MOI) of 0.1 in the pres-
ence of GSK2837269A, GSK2837270A, nevirapine (a nonnu-
cleoside inhibitor of reverse transcriptase), raltegravir (a strand
transfer inhibitor of integration), or DMSO. Total DNA was
extracted from the cells at 24 h postinfection, and Taqman
qPCR was used to measure the amount of GFP DNA (as a sur-
rogate marker of negative strand viral DNA) and 2LTRs circu-
lar DNA, a hallmark of nuclear entry (43). To measure the
amount of integrated viral DNA, we performed Alu-LTR
qPCR from DNA extracted 8 d postinfection (27). RORC2
inhibition did not significantly impair reverse transcription,
nuclear entry, or integration in contrast to nevirapine, which
reduced both viral DNA and 2LTRs, or raltegravir, which sup-
pressed integration (Fig. 4A). We also infected primary CD4+

T cells with a single-round VSV-G–pseudotyped HIV (NL4.3
backbone, env-) in the presence of GSK2691805A and mea-
sured HIV-p24 levels by enzyme-linked immunosorbent assay
(ELISA) and integrated HIV-DNA levels by nested real-time
PCR 72 h postinfection. While HIV-p24 levels were reduced

Fig. 1. RORC inhibitors inhibit HIV-1 infec-
tion. Jurkat cells were infected with single-
cycle, VSV-G–pseudotyped HIV-1 LAIGFP at
an MOI of 0.2 in the presence of the indi-
cated concentrations of RORC2 inhibitors.
The cells were analyzed 48 h postinfection
by flow cytometry to measure the per-
centage of GFP+ cells. The proportion of
live cells was simultaneously assessed by
AlamaR blue, n = 3.
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B
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E
F

D

Fig. 2. RORC inhibitors reduce HIV-1 replication in pri-
mary CD4+ T cells in vitro as shown in the experimental
flowchart. (A) Memory CD4+ T cells isolated from n = 5
healthy donors were stimulated with CD3/CD28 antibod-
ies in the presence or absence of the indicated concen-
trations of RORC2 inhibitors for 3 d. Then, cells were
exposed to HIVTHRO for 3 h. HIV-infected CD4+ memory
T cells were cultured with IL-2 in the presence of the
indicated concentrations of RORC2 inhibitors for 9 d.
The media was refreshed with IL-2 and RORC2 inhibitors
every 3 d. (B) The intracellular expression of HIV-p24 in
CD4+ memory T cells was quantified by flow cytometry
after staining with fluorochrome-conjugated CD4 and
HIV-p24 Abs at day 9 postinfection. The contour plots of
the frequency of CD4lowHIV-p24+ T cells in one represen-
tative donor are shown. (C) The statistical analysis of the
frequency of CD4lowHIV-p24+ T cells within the total
memory CD4+ T cells exposed to the indicated concen-
tration of GSK261805A from n = 5 donors 9 d postinfec-
tion (D) HIV-p24 levels measured in cell-culture superna-
tants by ELISA at day 9 postinfection. (E) The statistical
analysis of the frequency of CD4lowHIV-p24+ T cells
within the memory subset and (F) HIV-p24 levels in the
cell-culture supernatant in the presence of the indicated
RORC2 inhibitors (5 μM). Friedman P values, with Dunn’s
multiple comparison significance, are indicated on the
graphs.
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(Fig. 4 B, Left), the number of integrated HIV-DNA copies was
not statistically different (Fig. 4 B, Right), indicating that
RORC2 acts at a step postintegration such as gene expression.

To examine this aspect further, GSK2837269A was added on
to Jurkat cells chronically infected with single-cycle HIV-1
LAIGFP, and the percentage of GFP+ cells was analyzed by
flow cytometry 48 h later. A dose-dependent reduction of the
percentage of GFP+ cells was observed (Fig. 4C). To examine
viral gene expression directly, Jurkat cells were infected with
single-cycle HIV-1 LAIGFP in the absence of compounds and
analyzed by flow cytometry 48 h later (Fig. 4 D, Left). Next,
GSK2837269A was added onto these infected cells, which were
reanalyzed by flow cytometry 24 h later (Fig. 4 D, Middle). In

parallel, RNA was extracted from the GSK2837269A-treated
cells and used for RT-qPCR to detect GFP mRNA, which is
transcribed from the viral LTR. At 5 μM, GSK2837269A
reduced GFP mRNA fivefold (Fig. 4 D, Right). The modest dis-
crepancy between GFP mRNA and percentage of GFP+ cells
is most likely explained by the longer half-life of the GFP pro-
tein relative to its mRNA. To confirm that RORC2 is important
for HIV-1 gene expression, we transduced J-Lat cells (clone
A2) (44), which harbor a latent HIV-1 provirus expressing GFP,
with the same RORC2-targeting short hairpin RNAs (shRNAs)
shown in Fig. 3B. Upon stimulation with 12-O-Tetradecanoyl-
phorbol-13-Acetate, ≥60% J-Lat cells expressed GFP, while
cells treated with the shRNAs showed lower GFP expression in

Fig. 3. RORC2 is a host cofactor for HIV-1
infection of CD4+ T cells. (A) Luciferase
Jurkat 1G5 indicator cells were transduced
with three different shRNAs that target
RORC2 or a nontargeting shRNA (Ctr) and
selected in puromycin. RORC2 protein levels
were analyzed by Western blot, and impβ
was used as a loading control. The signal
was quantified by ImageJ, and the ratio of
RORC2 versus impβ is indicated in Lower. (B)
The 1G5 cells transduced with the same
shRNAs were infected with HIV-1NL4.3, and
the luciferase signal was measured at the
indicated time points. (C) An EV plasmid or
the myc-RORC2 cDNA was transfected into
293T cells. After selection in puromycin, the
cells were analyzed by Western blot. (D) The
same 293T cells were infected with single-
cycle HIV-1 LAIGFP at an MOI of 0.1 in the
presence of the indicated concentrations of
GSK2837269A, and 40 h later, the cells were
analyzed by flow cytometry to measure the
percentage of GFP+ cells (n = 2). (E) Jurkat
cells were transduced with a retroviral vector
expressing myc-RORC2 or an EV, selected in
media containing blasticidin for 7 d, and
infected with the indicated volumes of
single-cycle HIV-1 LAIGFP (107 i.u./mL). The
cells were analyzed 40 h after infection by
flow cytometry to measure the percentage
of GFP+ cells. ***P < 0.005, **P = 0.008 two
tailed Student’s t test, n = 3. (F) The expres-
sion of RORC2 in these cells was confirmed
by Western blot. (G and H) Memory CD4+ T
cells isolated from n = 5 HIV� participants
and ACH2 cells were cultured in parallel
using the experimental design depicted in
Fig. 2A. CD3/CD28-activated CD4+ T cells
exposed to HIVTHRO for 3 h, and ACH2 cells
were cultured with IL-2 in the presence or
the absence of GSK261805A (5 μM) for 5 d.
(G) The intracellular expression of HIV-p24
was quantified by flow cytometry upon
staining with fluorochrome-conjugated CD4
and HIV-p24 Abs. (H) HIV-p24 levels in cell-
culture supernatants were measured by
ELISA. The paired Student’s t test P values
are indicated on the graphs. (I–K) CD3/CD28-
activated total memory CD4+ T cells from n
= 4 HIV� donors (I) or FACS-sorted memory
CCR6+ and CCR6� CD4+ T cells from n = 3
HIV� donors (J and K) were nucleofected
with Dharmacon on target smart siRNA
pools specific for RORC2 PI Tor a nontarget-
ing siRNA using the Amaxa technology. The

cells were then exposed to HIVNL4.3BaL (50 ng per 106 cells), and HIV-DNA integration was quantified by nested real-time PCR at day 3 postinfection. HIV-
DNA integration in memory CD4+ T cells (I) and HIV replication in sorted CCR6+/CCR62 T cells are shown (J) as well as a statistical analysis of HIV-p24 levels
in sorted CCR6+ T cells (K).
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terms of frequency and MOI, indicating that RORC2 silencing
inhibited HIV-1 gene expression (Fig. 4 E–G).

RORC2 binds to specific DNA consensus elements, recruit-
ing chromatin-activating cofactors via its LBD to regulate tran-
scription (23, 45). We therefore hypothesized that RORC2
might bind to such DNA elements on the HIV-1 provirus. The
HIV-1 LTR contains a well-characterized nuclear receptor
responsive element (NRRE) that binds several retinoic acid
receptors (46, 47). In addition, we have detected in silico a con-
sensus RORC DNA-binding motif (23, 34) in the pol region of
the HIV-1 genome (SI Appendix, Fig. 7). It has previously been
reported that this region in Pol may have enhancer activity
(48). To test the hypothesis, we performed chromatin immuno-
precipitation followed by real-time PCR (ChIP-qPCR) for both
the NRRE in the LTR and the RORC2 consensus sequence in
Pol (CS Pol). There is no available ChIP-grade antibody against
human RORC2. Hence, we performed the experiments in
Jurkat cells stably transduced with a retroviral vector expressing
C-terminally myc-tagged RORC2. However, Jurkat cells do not
express IL-17A, raising the possibility that the IL-17A locus
might be defective, thus making these cells unsuitable to detect
RORC2 binding to the IL-17A regulatory elements by ChIP. To
circumvent this problem, we transduced with the RORC2-myc
expressing retroviral vector Jurkat cells stably transfected with
a plasmid expressing luciferase driven by the IL-17A promoter

and CNS-5 enhancer, which contains one RORC2 DNA con-
sensus element each (Jurkat-Luc cells) (31, 49) (Fig. 5 A and
B). Jurkat-Luc cells transduced with an empty retroviral vector
(Jurkat Luc-EV) were generated to control for specificity. The
resulting Jurkat Luc-RORC2 cells expressed luciferase at
higher levels than Jurkat Luc-EV both at baseline and after
stimulation, confirming their functionality (Fig. 5C). Jurkat
Luc-RORC2 and Luc-EV cells were infected in parallel experi-
ments with HIV-1 LAIGFP at low MOI. The cells were proc-
essed for ChIP using an anti-myc antibody 24 h after infection.
We also employed an antibody against H3K9me3, which is a
histone marker of inactive but poised enhancer/promoters (50)
and an antibody against NF-κB, a transcription factor known to
bind both the HIV-1 LTR (51) and the IL-17 enhancer/pro-
moter regions (52, 53). A specific ChIP signal for RORC2-myc
was detected on the IL-17 enhancer and promoter regions of
Jurkat Luc-RORC2 cells but not Jurkat Luc-EV cells (Fig. 5D).
Notably, a specific ChIP-qPCR signal was observed on the HIV
LTR NRRE element, whereas the signal for the CS Pol ele-
ment was less convincing due to high background, which may
be related to greater “stickiness” of the specific DNA sequence
under study due to charge and/or secondary structure
(Fig. 5D).

These results showed that RORC2 binds to the HIV-1 LTR
with similar or even greater strength than the IL-17 promoter/

Fig. 4. RORC2 promotes HIV-1 gene
expression and binds to the HIV-1 LTR. (A)
Jurkat cells were infected with VSV-
G–pseudotyped single-cycle HIV-1 LAIGFP in
the presence of the reverse transcriptase
inhibitor nevirapine (500 nM), the integrase
inhibitor raltergravir (100 nM), or the indi-
cated RORC inhibitors (5 μM). The amount
of negative-strand viral DNA (GFP) and
2-LTR circular DNA was quantified 24
h postinfection by Taqman qPCR. Inte-
grated viral DNA was quantified by Alu-LTR
qPCR on DNA extracted 8 d after infection,
n = 2. (B) Memory CD4+ T cells from n = 5
HIV� donors were stimulated with CD3/
CD28 Abs in the presence or the absence
of GSK261805A (5 μM) for 3 d and
then infected with single round VSV-
G–pseudotyped NL4.3HIV-1. The cells were
cultured with IL-2 in the presence or the
absence of GSK261805A (5 μM) for an addi-
tional 3 d. HIV-p24 levels in cell-culture
supernatants measured by ELISA (Left) and
integrated HIV-DNA levels (Right) quanti-
fied by nested real-time PCR at day 3 post-
infection are shown. (C) Jurkat cells were
infected with VSV-G–pseudotyped single-
cycle HIV-1 LAIGFP, and 24 h postinfection,
they were treated with the indicated con-
centrations of GSK2837269A. The cells were
analyzed 24 h later by flow cytometry to
determine the percentage of infected
(GFP+) cells, n = 3. (D) Jurkat cells were
infected with single-cycle HIV-1 LAIGFP. The
cells were analyzed 40 h after infection by
flow cytometry to determine the percent-
age of infected (GFP+) cells (Left). These
cells were then treated with DMSO or
GSK2837269A (5 μM) for 24 h before
being reanalyzed by flow cytometry (Mid-
dle). RNA was extracted from the cells, and
the amount of GFP mRNA relative to 28S

ribosomal RNA was quantified by RT-qPCR. Average values are shown (n = 3) (Left). (E) J-Lat (clone A2) cells were transduced with the same RORC2-
targeting shRNAs shown in Fig. 3A, selected with puromycin for 7 d, and stimulated with 12-O-Tetradecanoylphorbol-13-Acetate for 24 h before analysis
by flow cytometry.
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enhancer regions. Notably, a specific ChIP-qPCR signal was
also detected for H3K9me3 in Jurkat-Luc cells, particularly on
the IL-17A enhancer/promoter region. This H3K9me3 signal
was stronger in RORC2-expressing cells, suggesting that
RORC2 might either associate with or increase the proportion
of poised enhancers. It should be noted that Jurkat cells were
not stimulated before ChIP, hence some critical RORC2 cofac-
tors important for chromatin remodeling might be present at
low levels (23, 31, 53), reducing the rate of enhancer conversion
from poised into active. Furthermore, the RORC2-specific
ChIP-qPCR signal is likely to be an underestimation due to
competition with the endogenous RORC2, which is expressed
in Jurkat cells (SI Appendix, Fig. 1) but cannot be precipitated
by the anti-myc Ab. Consistent with previous reports, we did
not detect NF-κB binding to the IL-17 enhancer/promoter in
the absence of stimulation (52, 53); however, expression of
RORC2 appeared to stimulate recruitment of NF-κB on both
the IL-17 enhancer/promoter region and the HIV-1 LTR,
which is in line with the observed cooperativity of RORC2 and
some transcription factors (23, 31, 52). Taken together, these
results support the possibility that RORC2 regulates viral gene
expression by binding to the HIV-1 LTR.

RORC2 Is Critical for HIV-1 Outgrowth from Patients’ Cells. Since
RORC2 promotes HIV-1 gene expression in acutely infected
cells, we tested if its inhibition also prevented HIV-1 outgrowth
from cells of PLWH. RORC2-mediated effector functions are
not constitutive in Th17 cells but depend on TCR triggering
(10, 37); thus, we initially evaluated if the activation of memory
CD4+ T cells with CD3/CD28 Abs was capable of inducing the
expression of RORC2 at the transcriptional and protein levels.
Memory CD4+ T cells were isolated from HIV-uninfected indi-
viduals and stimulated for 5 or 24 h. The relative RORC2
mRNA and protein levels were assessed 5 or 24 h later, respec-
tively. We observed that cell activation induced the expression
of RORC2 but not RORC1 mRNA (SI Appendix, Fig. 8 C and
D) . At the mRNA and protein level, RORC2 expression was
up-regulated by TCR activation, and cells expressing RORC2
also expressed CCR6 (SI Appendix, Fig. 8 C and D) , which is a
well-established marker of human Th17 cells (9) and HIV-
reservoir enrichment (8, 10, 18, 19, 22). Next, to determine if
cells expressing RORC2 harbor HIV-1, memory CD4+ T cells
were isolated from ART+PLWH and stimulated in vitro with
CD3/CD28 Abs for 24 h in the presence of antiretroviral thera-
pies (ARVs) to prevent HIV cell-to-cell transmission (Fig. 6A).
This stimulation is required for optimal expression of RORC2,
which, similar to all lineage-specific cytokines, is not constitu-
tively expressed in Th17-committed CCR6+ T cells (37). Cells
were then sorted based on CCR6 and/or RORC2 expression
(Fig. 6B) and analyzed by nested real-time PCR for HIV provi-
ral DNA (Fig. 6C). In all five ART+ PLWH, proviral DNA was
significantly more abundant in CCR6+RORC2+ cells compared
to CCR6�RORC2� cells or CCR6+RORC2� cells (Fig. 6C).
To explore whether CCR6+RORC2+ cells carry translational-
competent HIV-DNA, we performed a modified HIV flow
assay to quantify HIV-p24 expression in RORC2+ cells (54). To
this end, memory CD4+ T cells isolated from ART- PLWH
were stimulated for 72 h in the presence of ARVs, and RORC2
expression was measured in total T cells and productively
infected CD4lowHIV-p24+ T cells. As expected, we found that
cell stimulation induced the expression of both RORC2 and
HIV-p24 (SI Appendix, Fig. 9). Notably, CD4lowHIV-p24+ T
cells were enriched in RORC2 expression compared to total
memory T cells (SI Appendix, Fig. 10 A–C). Additionally,
CD4lowHIV-p24+ T cells expressing RORC2 showed a higher
HIV-p24 geometric mean fluorescence intensity compared to
their RORC2� counterparts (SI Appendix, Fig. 10D), which

Fig. 5. RORC2 binds to the HIV promoter. (A) A schematic diagram explaining
the experimental steps for ChIP. Jurkat cells expressing luciferase driven by the
IL-17A enhancer/promoter region were transduced with a retroviral vector
expressing RORC2-myc (Luc-RORC2) or an EV control (Luc-EV). Luc-RORC2 and
Luc-EV cells were infected in parallel with VSV-G–pseudotyped HIV-1 LAI
ΔenvGFP (HIV-1GFP) and, 24 h later, processed for ChIP with the four indicated
Abs. (B) Western blot with an anti-myc antibody to detect RORC-myc following
ChIP (the lower band is IgG heavy chains); GAPDH in the total lysate samples
was used as a loading control. (C) The fold change in Luciferase expression rel-
ative to untransduced Jurkat Luc cells with or without stimulation with PMA
and ionomycin. The average ± SD, n = 3, P value based on two tailed Student’s
t test is shown. (D) A real-time PCR signal following ChIP for the indicated
DNA regions and antibody. (Top Left) IL-17A enhancer region. (Top Right)
IL-17A promoter region. (Bottom Left) NRRE region in the HIV-1 LTR. (Bottom
Right) HIV-1 pol region containing the putative RORC2 consensus element. The
replicate values are shown as well as the average ± SD, n = 3.

M
IC
RO

BI
O
LO

G
Y

Wiche Salinas et al.
Th17 cell master transcription factor RORC2 regulates HIV-1 gene expression and viral outgrowth

PNAS j 7 of 12
https://doi.org/10.1073/pnas.2105927118

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2105927118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2105927118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2105927118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2105927118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2105927118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2105927118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2105927118/-/DCSupplemental


supports the notion that RORC2 stimulated HIV-1
gene expression.

Based on these observations, we sought to test if RORC2
inhibition prevented HIV-1 reactivation from latency and/or
viral outgrowth ex vivo. To this end, we performed a simplified
viral outgrowth assay (VOA) we have previously described (55)
using memory CD4+ T cells from both ART+ and ART�
PLWH. Cells were stimulated with CD3/CD28 Abs for 3 d and
maintained in culture for another 9 d by splitting each well into
two new wells every 3 d in the presence of DMSO or 5 μM
GSK2691805A (Fig. 7A). Cells were analyzed to detect CD4low-
HIV-p24+ cells by flow cytometry at day 12 post-TCR triggering
and the level of HIV-p24 in cell-culture supernatants was evalu-
ated at days 9 and 12 postactivation by ELISA. In parallel, cell
proliferation was evaluated by CFSE-based proliferation assay
as described previously (56) on the cells from ART± PLWH.
No difference on cell proliferation was observed between the
DMSO and GSK2691805A conditions (Fig. 7 B and C). In the
presence of GSK2691805A, there was a consistent reduction in
the frequency of CD4lowHIV-p24+ cells compared to DMSO
on T cells from both ART+ and ART� PLWH (Fig. 7 D–F).
Similarly, HIV-p24 levels in the culture supernatants were sig-
nificantly reduced by GSK2691805A treatment (Fig. 7 G and
H). These results are consistent with the notion that RORC2 is
critical for HIV-1 reactivation/outgrowth in infected Th17 cells
from PLWH.

Discussion
In this study, we have identified the Th17 cell master transcrip-
tion regulator RORC2 as a host cofactor for HIV-1 infection
and showed that it regulates viral gene expression upon infec-
tion in vitro and possibly reactivation from latency as reflected
by viral outgrowth ex vivo. These findings provide an explana-
tion as to why HIV-1 replicates more efficiently in Th17 cells,
which express higher levels of RORC2 relative to other CD4+

Tcell types.
The ChIP-qPCR results indicate that RORC2 binds to the

NRRE in the HIV-1 LTR. This DNA element is well conserved
among different HIV-1 subtypes and was previously shown to

be recognized by several nuclear hormone receptors, including
retinoic acid receptors that positively regulate viral gene expres-
sion in CCR6+ Th17 cells (8, 11, 18). The NRRE in the HIV-1
LTR might be a critical element providing transcriptional plas-
ticity to the virus, resulting in better adaptation to different cell
types (57). It is noteworthy that estrogen inhibits HIV-1 reacti-
vation from latency in Th17 cells (58). This effect is mediated
by the binding of the nuclear hormone receptor estrogen
receptor-1 (ESR-1) to the LTR, which may explain why women
appear to have a lower inducible reservoir than men (58).
Estrogen also inhibits Th17 cell differentiation and IL-17 secre-
tion (59, 60), suggesting a broader interconnection between
estrogen and RORC2. It would be interesting to test if RORC2
and ESR-1 compete for binding to the LTR and exert antago-
nistic effects on viral transcription.

We therefore propose that RORC2, rather than being essen-
tial for HIV-1 gene expression, acts more like a positive modu-
lator of HIV-1 transcription, perhaps by helping establish a
suitable chromatin environment. This may explain why HIV-1
replicates better in Th17 cells. Higher HIV-1 gene and protein
expression in Th17 cells may also make these cells better tar-
gets for being killed by CD8+ Tcells that, in part, explains long-
term depletion of such cells from the GALT. In addition to a
direct role in the modulation of HIV-1 gene expression,
RORC2 may have other indirect effects that promote viral
replication via the transcriptional regulation of other HIV-1
permissiveness factors (61).

Furthermore, our results demonstrate that the pharmacolog-
ical inhibition of RORC2 potently suppressed HIV-1 outgrowth
ex vivo in cells from ART-treated or untreated PLWH. This is
consistent with the idea that RORC2 stimulates HIV-1 gene
expression and may be important in regulating the dynamics of
the viral reservoir (62). Fluctuations in RORC2 expression lev-
els correlate with the activation status of Th17 cells, which is
dependent, among other things, on priming via the TCR by
specific antigens from pathogens such as Candida albicans and
Staphylococcus aureus (9). Thus, specific stimuli from the
microbiota may up-regulate RORC2 expression selectively in
latently infected Th17 cells promoting HIV-1 reactivation from
latency and viral rebound.

Fig. 6. Memory CD4+ T cells expressing
the Th17 markers CCR6 and RORC2 are
enriched in integrated HIV-DNA in ART-
treated PLWH. (A) A flowchart of the
experimental approach; memory CD4+ T
cells isolated from ART+ PLWH were stimu-
lated with CD3/CD28 Abs for 18 h in the
presence of antiretroviral drugs (AZT 180
nM, Efavirens 100 nM, and Raltegravir 200
nM) to prevent cell-to-cell HIV transmission
in vitro. Highly pure CCR6+RORC2�,
CCR6+RORC2+ and CCR6�RORC2� cell sub-
sets were sorted by FACS, and integrated
HIV-DNA levels were quantified by nested
real-time PCR. (B) The gating strategy used
to sort the three cell populations men-
tioned in (A) and (C) the statistical analysis
of integrated HIV-DNA in sorted CD4+ T
cell subsets from n = 5 ART-treated PLWH.
The individual replicates are shown with
the bars representing median values.
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Pharmacological inhibition of RORC2 in vivo may help
elucidate the contribution of Th17 cells on the latent viral res-
ervoir. The GSK RORC2 inhibitors have been employed in ani-
mal studies for non-HIV indications, and GSK2691805A has
been used to study the effect of RORC2 inhibition on Th17
and ILC-3 cells in mice (63). It will therefore be possible to
conduct experiments in preclinical animal models of HIV-1

infection to determine if RORC2 inhibition delays or prevents
viral rebound after ART interruption and/or whether RORC2
inhibition reduces inflammation and immune activation. A limi-
tation of this approach is that Th17 cell differentiation and
their effector functions might also be affected by administration
of the RORC2 inhibitors. Nevertheless, the effects of RORC2
drugs may be reversible as indicated by the capacity of cells to

Fig. 7. RORC antagonism inhibits HIV-1
outgrowth in memory CD4+ T cells of ART-
treated and untreated PLWH. (A) An exper-
imental flowchart of the viral outgrowth
assay; memory CD4+ T cells isolated from
PLWH receiving ART (ART+ PLWH) or not
(ART� PLWH) were activated with CD3/
CD28 Abs in the presence of DMSO or
GSK2691805A (5 μM) at a cell concentration
of 1 million cells/mL in triplicates for 3 d.
Then, cells were washed and split at day 3
poststimulation and cultured in medium
containing IL-2 (5 ng/mL) for up to 12 d
(split every 3 d) in the presence of DMSO or
GSK2691805A (5 μM). At day 12, HIV-
infected cells were identified as CD4lowHIV-
p24+ by flow cytometry. HIV-p24 levels in
cell-culture supernatants were measured by
ELISA. (B and C) In parallel, using the same
experimental setup, a VOA was performed
with CFSE-loaded memory CD4+ T cells
obtained from ART± PLWH. CFSE dilution
was evaluated by flow cytometry at day 5
postactivation. A histogram of CFSE dilu-
tion showing cell divisions (division 0 to 5)
of one representative individual (B) and a
statistical analysis of the division and prolif-
eration index obtained with cells of n = 5
ART ± PLWH are shown (C). (D) The fre-
quency of CD4lowHIV-p24+ cells in one rep-
resentative individual. (E and F) The statisti-
cal analysis of results obtained with cells of
n = 4 ART+ PLWH (E) and n = 5 ART�
PLWH (F). (G and H) The effect of
GSK2691805A on HIV-p24 levels in cell-
culture supernatants of n = 4 ART+ PLWH
(G) and n = 5 ART� PLWH (H) at days 9 and
12 post-CD3/CD28 activation. Paired Stu-
dent’s t test P values are indicated on the
graphs. Box and whiskers plots with indi-
vidual values and maximum and minimum
(E and F) and individual replicate values are
shown with bars indicating median values
(G and H).
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produce IL-17 again after drug withdrawal in vitro. Optimal
dosing regimens and regular monitoring of Th17 cell popula-
tions in various tissues may allow the safe testing of RORC2
inhibitors in preclinical and clinical interventions. Other poten-
tial limitations are linked to the fact that other cells also express
RORC2, including ILC-3 and thymocytes (64, 65), although
ILC-3 seems tolerant to prolonged inhibition of RORC2 (64).
In consequence, these RORC2+ cells will need to be carefully
monitored too. Despite these potential obstacles, which may be
mitigated, targeting RORC2 in vivo may be a conceptually
new approach to attenuate the loss of Th17 cells, which occurs
during acute HIV-1 infection (10, 11)

Materials and Methods
Ethics Statement. The collection of leukapheresis fromHIV-uninfected individ-
uals, ART� PLWH, and ART+ PLWH was conducted in compliance with the
principles included in the Declaration of Helsinki. This study received approval
from the Institutional Review Board (IRB) of the McGill University Health Cen-
tre and the Centre de recherche du Centre Hospitalier de l’Universit�e de Mon-
tr�eal (CHUM). Written informed consents were obtained from all study
participants.

Human Subjects. The human biological samples were sourced ethically, and
their research use was in accord with the terms of the informed consents
under an institutional review board (IRB)/ethics committee (EC)- approved
protocol. HIV-uninfected individuals [HIV�; n = 18; 17 males and 1 female;
median age of 57.5 y (range: 25 to 70), median CD4 counts 752 cells/μL (range:
511 to 1,115)] as well as virally suppressed ART-treated PLWH [ART+ PLWH; n
= 9; 9 males and 0 female; median age of 44 y (range: 30 to 57), median CD4
counts 514 cells/μL (range: 318 to 598)] and untreated PLWH [ART� PLWH; n =
6; 6 males and 0 female; median age of 41 y (range: 24 to 50), median CD4
counts 459 cells/μL (range: 221 to 1,068)] (SI Appendix, Table 2) were recruited
at the Montreal Chest Institute, McGill University Health Centre and CHUM.
Peripheral blood mononuclear cells (PBMC) (109 to 1010 cells) were collected
by leukapheresis and frozen until use as previously described (8, 18, 20).
Plasma viral load in ART-treated PLWH was measured using the Amplicor HIV-
1 monitor ultrasensitivemethod (Roche).

HIV Infection In Vitro of Primary Memory CD4+ T Cell. The molecular clones
of CCR5-tropic HIV-1 strain used in this study were the following: transmitted
Founder (T/F) THRO and NL4.3BAL HIV-1. The T/F THRO HIV plasmid was
obtained through the NIH AIDS Reagent Program, Division of AIDS, National
Institute of Allergy and Infectious Diseases (NIAID), NIH: pTHRO.c/2626 (cate-
gory no. 11745) from John Kappes and Christina Ochsenbauer. The NL4.3BaL
HIV plasmid was provided by Michel Tremblay, Univerit�e Laval, Qu�ebec, Can-
ada, originating from Roger J. Pomerantz, Thomas Jefferson University, Phila-
delphia, PA. The HIV-1 plasmid was amplified by MiniPrep and MaxiPrep and
viral stocks were produced and titrated as we described it previously (8, 20).
Memory CD4+ T cells were isolated from the PBMCs of HIV-uninfected individ-
uals by negative selection using magnetic beads (Miltenyi Biotec) as we previ-
ously described (8, 20). Then, memory CD4+ T cells (1 × 106 cells/mL per 48-well
plate) were stimulated with immobilized CD3 and soluble CD28 Abs (1 μg/mL)
for 3 d prior to infection. T cells were cultured with Roswell Park Memorial
Institute (RPMI) 1640 media (Gibco) containing 10% fetal bovine serum (FBS)
and 1% penicillin/streptomycin (P/S). Memory CD4+ T cells were infected with
HIV-1 (20 to 50 ng HIV-p24/106 cells) and then cultured in the presence of IL-2
(5 ng/mL; R&D Systems) for up to 9 d, with 50% of the media being refreshed
every 3 d. Viral replication was measured by flow cytometry analysis upon
HIV-p24 and CD4 staining (HIV-infected cells were identified as HIV-p24± and
CD4low) as well as by HIV-p24 ELISA in cell-culture supernatant as previously
described (18, 27).

Cell Lines and Viruses. 293T cells (European Collection of Authenticated Cell
Culture [ECACC], Public Health England) were grown in Dulbecco’s modified
Eagle’s medium (Gibco Labs) supplemented with 10% fetal calf serum (FCS)
(Helena Bioscience) and 2 mM glutamine (Gibco Labs) at 37 °C in 5% CO2.
Jurkat E6.1 (ECACC) and Jurkat indicator line 1G5 containing the firefly lucifer-
ase gene driven by the HIV LTR (AIDS Research and Reference Reagent Pro-
gram, Division of AIDS, NIAID, NIH from Estuardo Aguilar-Cordova and John
Belmont) were grown in RPMI medium (Gibco Labs) supplemented with 10%
FCS at 37 °C in 10% CO2. Jurkat cell line IL-17CNS luciferase clone 539 (GSK
BIOCAT128253) (here called Jurkat Luc) was generated by transfection of
Jurkat E6.1 cells with the plasmid pGL4-huIL-17 3-K CNS promoter containing

the luciferase gene driven by the 1-Kb IL-17 CNS-5 enhancer fused to the 2-Kb
promoter regions and were grown in RPMI mediumwith 10% FCS and 200 μg/
mL hygromycin at 37 °C in 10% CO2. Viral stocks were prepared by Fugene
transfection of 293T cells as described previously (43) using pHIV LAIΔenv (gift
of Michael Emerman, Fred Hutchinson Cancer Research Centre, Seattle, WA)
and pMD.G expressing VSV-G or using HIV isolate NL4.3 (Centre for AIDS
Reagents, Health Protection Agency). Supernatant containing viral particles
was collected 48 and 72 h posttransfection as described (43, 66). For infections,
13 mL 1G5 indicator cells (∼0.9 × 106/mL) were mixed with 2 mL NL4-3 super-
natant. The mix was dispensed robotically, 45 μL/well onto 384 plates pre-
loaded with drug dilutions. Samples were analyzed 48 h postinfection using
the BrightGlo assay according to the manufacturer’s instructions in a Pherastar
plate reader. To generate Jurkat and 293T cells stably expressing human
RORC2, the myc-DDK–tagged RORC2 cDNA was PCR amplified from plasmid
RC212239 (Origene) and cloned into themurine leukemia virus-based retroviral
vector pMIG Blasti (gift of Jeremy Luban, University of Massachusetts, Amherst,
MA). The virus was produced in 293T cells as described and used to transduce
Jurkat or 293T cells, which were selected in the presence of 5 μM blasticidin for
10 d. ACH2 cells were obtained through the NIH HIV Reagent Program, Division
of AIDS, NIAID, NIH ACH-2 cells, ARP-349, contributed by Thomas Folks. ACH2
cells were kept in culture with RPMI, 10% FBS, and 1% P/S.

Flow Cytometry Staining and Fluorescence-Activated Cell Sorting. The follow-
ing fluorochrome-conjugated Abs were used for flow cytometry analysis: HIV-
p24 FITC (KC57) (Beckman Coulter), HIV-p24 PE (KC57) (Beckman Coulter), CD3
Pacific blue (UCHT1), CD4 PerCP/Cy5.5 (RPA-T4) (BioLegend), CD4 Alexa Fluor
700 (RPA-T4), CCR6 PE (11A9), CD45RA Alexa eFluor 780 (HI100), RORC2 Alexa
Fluor 647 (Q31-378), Ki-67 BUV395 (B56), IL-17A PE (eBio64DEC17), and IFN-γ
Alexa Fluor 700 (B27). The Live/Dead Fixable Aqua Dead Cell Stain Kit (Vivid,
Life Technologies) was used to exclude dead cells. Intracellular staining was
performed using the BD Cytofix/Cytoperm Kit (BD Biosciences), and intranu-
clear staining was performed using the eBioscience Foxp3/Transcription Factor
Staining Buffer Set. Cells were analyzed with the BD-LSRII cytometer, BD
LSRFortessa and BD-Diva (BD Biosciences), and FlowJo version 10 (Tree Star,
Inc.). The positivity gates were placed using fluorescence minus one strategy
(8, 20). For fluorescence-activated cell sorting (FACS), memory CD4 T cells from
the PBMCs of ART+ PLWH were isolated by negative selection using magnetic
beads. CCR6+RORC2+, CCR6+RORC2�, and CCR6�RORC� T cells were sorted by
FACS (BDAria II; BD Biosciences) using the Abs CD3 Pacific blue (UCHT1), CCR6
PE (11A9), CD45RA Alexa eFluor 780 (HI100), and RORC2 Alexa Fluor 647
(Q31-378).

Compounds. GSK2793955A, GSK2805956A, GSK2833332A, GSK2837269A, and
GSK2837270A were provided by GlaxoSmithKline at 100 mM stock in DMSO
or freeze dried and reconstituted in DMSO. GSK2691805A was synthesized in
house according to ref. 35 (SI Appendix,Materials andMethods).

ChIP-qPCR. ChIP assays were performed as described previously (66) with some
modifications. Briefly, 5 × 107 Jurkat cells expressing myc-tagged RORC2 or the
pMI-blasti “empty” vector (EV) were infected with the VSV-G–pseudotyped
LAIΔenv-GFP at an MOI of 0.3. After 24 h, the cells were collected in 50-mL
tubes and chemically cross-linked by the addition of 1/10 volume of fresh 11%
formaldehyde solution added directly to cell culture media and incubated for
20 min at room temperature with gentle rotation followed by the addition of
1/20 volume of cold 2.5 M glycine and incubated at 4 °C for 5 min. Cells were
then collected by centrifugation at 4 °C, and the pellet was rinsed twice with
phosphate buffered saline and flash frozen in liquid N2. Cells were resus-
pended and lysed in 1 mL lysis buffer one (50 mM Hepes-KOH, pH 7.5, 140 mM
NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 10% glycerol, 0.5% IGE-
PAL, and 0.25% Triton X-100) for 10 min at 4 °C with slow rotation. Nuclei
were pelleted by centrifugation and gently resuspended in 1 mL Nuclei Wash
buffer (200 mM NaCl, 1 mM EDTA) for 10 min at 4 °C with gentle rotation.
Nuclei were pelleted by centrifugation and 1 mL lysis buffer three (LB3) (10
mM Tris, pH 8, 100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1% sodium deoxy-
cholate, and 0.5% N-laurylsarcosine) was added without disturbing the pellet
followed by incubation for 10 min at 4 °C with gentle rotation. This step was
repeated once, and then the nuclei were pelleted by centrifugation, resus-
pended in 300 μL LB3, and kept on ice for 10 min. Samples were sonicated
using a Diagenode Bioruptor device (30-s pulse/90-s pause × 10 cycles). Samples
were centrifuged at 13,000 rpm for 6 min at 4 °C, and supernatant was col-
lected in precooled 1.5-mL tubes. The resulting whole-cell extract (WCE) was
incubated overnight at 4 °C with 100 μL protein-G magnetic Dynabeads prein-
cubated with 10 μg appropriate antibody for 3 h on a rotating platform (9
rpm) in a cold room. The following antibodies were used: rabbit polyclonal
anti-H3K9me3 (abcam, ab8898), normal rabbit IgG (Merk Millipore, 12–370),
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mouse mAb anti-c-Myc (Thermo Fisher, 9E10), and rabbit polyclonal anti-NF-κB
p65 acetyl K310 (Abcam ab19870). The next day, the beads were washed (5
min with slow rotation) two times with a low salt buffer (10 mM Tris HCl pH 8,
150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium dodecyl sulfate
[SDS], and phenylmethylsulfonyl fluoride [PMSF]), then once with a high salt
buffer (10mM Tris HCl pH 8, 500mMNaCl, 1 mM EDTA, 1% Triton X-100, 0.1%
SDS, and PMSF), then once with an LiCl buffer (10 mM Tris HCl pH 8, 1 mM
EDTA, 0.5 mM EGTA, 250 mM LiCl, 1% IGEPAL, 1% NaDOC, and PMSF), then
once with a Tris-EDTA (TE) buffer, and finally with elution buffer (TE + 1%
SDS). Bound complexes were eluted from the beads by heating at 65 °C with
occasional vortexing, and cross-linking in the immunoprecipitation and WCE
samples was reversed by incubating at 65 °C for 6 to 7 h. Immunoprecipitation
and WCE DNA were then purified by treatment with ribonuclease A and pro-
teinase K and extracted with phenol/chloroform/isoamyl alcohol extractions.
ChIP products were quantified by real-time qPCR. Primer sequences were as
follows: IL-17 enhancer forward: 50-TGATAGCCCAACCACAATGTG – 30 (IL-17
gene nucleotide [nt] 1051 to 1072). IL-17 enhancer reverse: 50- ACCTATACGT-

TAGCAGGCACA – 30 (IL-17 gene nt 1220 to 1241). IL-17 promoter forward:
50- TCTGCCCTTCCCATTTTCCT-30 (IL-17 gene nt 2886 to 2906)

IL-17 promoter reverse: 50- ATGGATGAGTTTGTGCCTGC-30 nt 3064 to 3084.
NRRE-1 in the HIV-1 LTR forward 50-TCTACCACACACAAGGCTACT-30, reverse
50-ACAAGCTGGTGTTCTCTCCT-30; RORC2 consensus sequence (CS) in HIV-1 Pol
forward: 50-GGGAAAGCTAGGGGATGGTT-30 (HIV-1 nt 5137 to 5157), RORC2 CS
reverse: 50-TCAGGGTCTACTTGTGTGCT -30 (HIV-1 nt 5322 to 5342). Real-time
PCR was carried out in an Eppendorf Realplex in a final volume of 20 μL con-
taining 1× SYBR green master mix (Applied Biosystems), 0.4 μM each primer,
and 2 μL DNA (prediluted 1:10). The cycle parameters were the following:
95 °C for 2 min for 1 cycle followed by 95 °C for 1 min, 55 °C for 55 s, and 65 °C
for 1 min 30 s for 45 cycles. The ChIP signal was calculated using the percent
inputmethod.

VOA. A simplified VOA was performed as we previously described (55). Briefly,
memory CD4+ T cells were cultured at 1 × 106 cells/well in 1 mL media (RPMI,
10% FBS, 1% P/S) in a 48-well plate (Costar) coated with CD3 Abs (1 μg/mL; BD
Biosciences, Clone UCHT1) and in the presence of soluble CD28 Abs (1 μg/mL;
BD Biosciences, Clone CD28.2). At day 3 poststimulation, cells from each origi-
nal replicate were individually washed with media, split into two new CD3
Abs-uncoated 48-well plates, and cultured in media containing IL-2 (5 ng/mL;
R&D Systems) in the presence or in the absence of GGSK2691805A (5 μM). The
cells from each well were further split into two newwells (without washing) at

day 6 and 9 poststimulation, with 50% of the media being refreshed with IL-2
with/without GSK2691805A. The cells were kept in culture for a total of 12 d.

Statistical Analysis. Statistical analyses were performed with GraphPad Prism 7
software (GraphPad Software, Inc.). One-way ANOVA and Friedman alongwith
Dunnett’s andDunn’s multiple comparisons test, respectively, evaluated the sta-
tistical differences. The use of nonparametric tests is justified by the fact that
data sets did not pass the normal distribution test of Kolmogorov–Smirnov.
P values≤ 0.05 were arbitrarily considered statistically significant.

Data Availability. Source numerical data files and images for all figures have
been deposited within the University College London Data Repository (https://
doi.org/10.5522/04/14892822.v1). GSK compounds GSK2837270A, GSK2793955A,
GSK283726, GSK2833332A, and GSK2805956A are available upon reasonable
request. GSK2691805 is commercially available at Calbiochem (https://www.
sigmaaldrich.com/GB/en/product/mm/531369?gclid=EAIaIQobChMImtfX-pKT9AI-
VWe3tCh1EuATLEAAYAyAAEgLgH_D_BwE).

ACKNOWLEDGMENTS. This was supported by a grant from Neomed/GSK (to
A.F. and P.A.), the European Union HEALTH-F3-2012-305137 HIVINNOV grant
(to A.F.), the Canadian HIV Cure Enterprise Team Grant (CanCURE 1.0) funded
by the Canadian Institutes of Health (CIHR) in partnership with the Canadian
Foundation for AIDS Research (CANFAR) and International AIDS society (IAS)
(CanCURE 1.0; No. HIG-133050 to P.A.); the Canadian HIV Cure Enterprise
Team Grant (CanCURE 2.0) funded by the CIHR (No. HB2-164064 and PJT No.
153052 to P.A. and CIHR No. MOP 103230 and PTJ 166049 to J.-P.R.). T.R.W.S.
and D.P. received doctoral fellowships from the Universit�e de Montr�eal and
Fonds de Recherche en Sant�e Qu�ebec (FRQ-S). J.-P.R. holds the Louis Lowen-
stein Chair in Hematology and Oncology, McGill University. We thank Vero-
nique Birault and David Favre for their support and helpful comments, David
Selwood for his advice on medicinal chemistry, and Robin Ketteler for access
to the Medical Research Council Translational Resource Centre facilities. We
thank Dr. Dominique Gauchat and Philippe St Onge (Flow Cytometry Core
Facility, CHUM-Research Center, Montr�eal, QC, Canada) for expert technical
support; Olfa Debbeche (Biosafety Level 3 Core Facility CHUM-Research Cen-
ter) and Mario Legault (FRQ-S/AIDS and Infectious Diseases Network; Mon-
tr�eal, QC, Canada) for help with ethical approvals and informed consents; and
Jos�ee Girouard, Angie Massicotte, and Maria Fraraccio (McGill University
Health Centre, Montr�eal, QC, Canada) for blood collection from HIV-infected
study participants and clinical information from HIV-infected and uninfected
donors. We acknowledge the key contribution of all study participants for
their precious gift of leukapheresis.

1. N. G. Sandler, D. C. Douek, Microbial translocation in HIV infection: Causes, conse-
quences and treatment opportunities.Nat. Rev.Microbiol. 10, 655–666 (2012).

2. C. W. Cai, I. Sereti, Residual immune dysfunction under antiretroviral therapy. Semin.
Immunol. 51, 101471 (2021).

3. Z.Wang et al., Expanded cellular clones carrying replication-competent HIV-1 persist,
wax, andwane. Proc. Natl. Acad. Sci. U.S.A. 115, E2575–E2584 (2018).

4. M. D. Hazenberg et al., T-cell division in human immunodeficiency virus (HIV)-1 infec-
tion is mainly due to immune activation: A longitudinal analysis in patients before
and during highly active antiretroviral therapy (HAART). Blood 95, 249–255 (2000).

5. A. S�aez-Ciri�on, I. Sereti, Immunometabolism and HIV-1 pathogenesis: Food for
thought.Nat. Rev. Immunol. 21, 5–19 (2021).

6. J. M. Brenchley, D. A. Price, D. C. Douek, HIV disease: Fallout from amucosal catastro-
phe?Nat. Immunol. 7, 235–239 (2006).

7. N. R. Klatt, N. Chomont, D. C. Douek, S. G. Deeks, Immune activation and HIV persis-
tence: Implications for curative approaches to HIV infection. Immunol. Rev. 254,
326–342 (2013).

8. D. Planas et al., HIV-1 selectively targets gut-homing CCR6+CD4+ T cells via mTOR-
dependentmechanisms. JCI Insight 2, 93230 (2017).

9. F. Sallusto, Heterogeneity of human CD4(+) T cells against microbes. Annu. Rev.
Immunol. 34, 317–334 (2016).

10. V. S.Wacleche, A. Landay, J. P. Routy, P. Ancuta, The Th17 lineage: Frombarrier surfa-
ces homeostasis to autoimmunity, cancer, and HIV-1 pathogenesis. Viruses 9, E303
(2017).

11. D. Planas, J. P. Routy, P. Ancuta, New Th17-specific therapeutic strategies for HIV
remission. Curr. Opin. HIV AIDS 14, 85–92 (2019).

12. D. J. Stieh et al., Th17 cells are preferentially infected very early after vaginal trans-
mission of SIV inmacaques. Cell HostMicrobe 19, 529–540 (2016).

13. B. Kanwar, D. Favre, J. M. McCune, Th17 and regulatory T cells: Implications for AIDS
pathogenesis. Curr. Opin. HIV AIDS 5, 151–157 (2010).

14. D. J. Hartigan-O’Connor, L. A. Hirao, J. M. McCune, S. Dandekar, Th17 cells and regu-
latory T cells in elite control over HIV and SIV. Curr. Opin. HIV AIDS 6, 221–227 (2011).

15. D. Chege et al., TorontoMucosal Immunology Group, Sigmoid Th17 populations, the
HIV latent reservoir, and microbial translocation in men on long-term antiretroviral
therapy.AIDS 25, 741–749 (2011).

16. J. M. Brenchley et al., Microbial translocation is a cause of systemic immune activation
in chronic HIV infection.Nat.Med. 12, 1365–1371 (2006).

17. J. M. Brenchley, Mucosal immunity in human and simian immunodeficiency lentivirus
infections.Mucosal Immunol. 6, 657–665 (2013).

18. A. Gosselin et al., HIV persists in CCR6+CD4+ T cells from colon and blood during anti-
retroviral therapy.AIDS 31, 35–48 (2017).

19. J. L. Anderson et al., Human immunodeficiency virus (HIV)-infected CCR6+ rectal
CD4+ T cells and HIV persistence on antiretroviral therapy. J. Infect. Dis. 221, 744–755
(2020).

20. V. S. Wacleche et al., New insights into the heterogeneity of Th17 subsets contribut-
ing to HIV-1 persistence during antiretroviral therapy. Retrovirology 13, 59 (2016).

21. G. Khoury et al., Persistence of integrated HIV DNA in CXCR3+CCR6+memory CD4+
T cells in HIV-infected individuals on antiretroviral therapy. AIDS 30, 1511–1520
(2016).

22. H. Sun et al., Th1/17 polarization of CD4 T cells supports HIV-1 persistence during
antiretroviral therapy. J. Virol. 89, 11284–11293 (2015).

23. M. Ciofani et al., A validated regulatory network for Th17 cell specification. Cell 151,
289–303 (2012).

24. I. I. Ivanov et al., The orphan nuclear receptor RORgammat directs the differentiation
program of proinflammatory IL-17+ T helper cells. Cell 126, 1121–1133 (2006).

25. B. Stockinger, M. Veldhoen, Differentiation and function of Th17 T cells. Curr. Opin.
Immunol. 19, 281–286 (2007).

26. J. R. Huh et al., Digoxin and its derivatives suppress TH17 cell differentiation by
antagonizing RORγt activity.Nature 472, 486–490 (2011).

27. A. Zhyvoloup et al., Digoxin reveals a functional connection between HIV-1 integra-
tion preference and T-cell activation. PLoS Pathog. 13, e1006460 (2017).

28. G. M. Laird, E. E. Eisele, S. A. Rabi, D. Nikolaeva, R. F. Siliciano, A novel cell-based
high-throughput screen for inhibitors of HIV-1 gene expression and budding identi-
fies the cardiac glycosides. J. Antimicrob. Chemother. 69, 988–994 (2014).

29. R. W. Wong, C. A. Lingwood, M. A. Ostrowski, T. Cabral, A. Cochrane, Cardiac glyco-
side/aglycones inhibit HIV-1 gene expression by a mechanism requiring MEK1/2-
ERK1/2 signaling. Sci. Rep. 8, 850 (2018).

30. S. Sen et al., SRC1 promotes Th17 differentiation by overriding Foxp3 suppression to
stimulate RORγt activity in a PKC-θ-dependent manner. Proc. Natl. Acad. Sci. U.S.A.
115, E458–E467 (2018).

31. R. M. Thomas, H. Sai, A. D. Wells, Conserved intergenic elements and DNA methyla-
tion cooperate to regulate transcription at the il17 locus. J. Biol. Chem. 287,
25049–25059 (2012).

M
IC
RO

BI
O
LO

G
Y

Wiche Salinas et al.
Th17 cell master transcription factor RORC2 regulates HIV-1 gene expression and viral outgrowth

PNAS j 11 of 12
https://doi.org/10.1073/pnas.2105927118

https://doi.org/10.5522/04/14892822.v1
https://doi.org/10.5522/04/14892822.v1
https://www.sigmaaldrich.com/GB/en/product/mm/531369?gclid=EAIaIQobChMImtfX-pKT9AIVWe3tCh1EuATLEAAYAyAAEgLgH_D_BwE
https://www.sigmaaldrich.com/GB/en/product/mm/531369?gclid=EAIaIQobChMImtfX-pKT9AIVWe3tCh1EuATLEAAYAyAAEgLgH_D_BwE
https://www.sigmaaldrich.com/GB/en/product/mm/531369?gclid=EAIaIQobChMImtfX-pKT9AIVWe3tCh1EuATLEAAYAyAAEgLgH_D_BwE


32. Y. W. He, M. L. Deftos, E. W. Ojala, M. J. Bevan, RORgamma t, a novel isoform of an
orphan receptor, negatively regulates Fas ligand expression and IL-2 production in T
cells. Immunity 9, 797–806 (1998).

33. M. Yamashita, M. Emerman, Capsid is a dominant determinant of retrovirus infectiv-
ity in nondividing cells. J. Virol. 78, 5670–5678 (2004).

34. S. Xiao et al., Small-molecule RORγt antagonists inhibit T helper 17 cell transcrip-
tional network by divergentmechanisms. Immunity 40, 477–489 (2014).

35. Y.Wang et al., Discovery of biaryl amides as potent, orally bioavailable, and CNS pen-
etrant RORγt inhibitors.ACSMed. Chem. Lett. 6, 787–792 (2015).

36. R. Ramesh et al., Pro-inflammatory human Th17 cells selectively express
P-glycoprotein and are refractory to glucocorticoids. J. Exp.Med. 211, 89–104 (2014).

37. Q. Wan et al., Cytokine signals through PI-3 kinase pathway modulate Th17 cytokine
production by CCR6+ humanmemory T cells. J. Exp.Med. 208, 1875–1887 (2011).

38. E. Aguilar-Cordova, J. Chinen, L. Donehower, D. E. Lewis, J. W. Belmont, A sensitive
reporter cell line for HIV-1 tat activity, HIV-1 inhibitors, and T cell activation effects.
AIDS Res. Hum. Retroviruses 10, 295–301 (1994).

39. S. Okada et al., IMMUNODEFICIENCIES. Impairment of immunity to Candida and
Mycobacterium in humans with bi-allelic RORC mutations. Science 349, 606–613
(2015).

40. T. M. Folks et al., Tumor necrosis factor alpha induces expression of human immuno-
deficiency virus in a chronically infected T-cell clone. Proc. Natl. Acad. Sci. U.S.A. 86,
2365–2368 (1989).

41. K. A. Clouse et al., Monokine regulation of human immunodeficiency virus-1 expres-
sion in a chronically infected human T cell clone. J. Immunol. 142, 431–438 (1989).

42. E. V. Acosta-Rodriguez et al., Surface phenotype and antigenic specificity of human
interleukin 17-producing T helper memory cells.Nat. Immunol. 8, 639–646 (2007).

43. L. Zhou et al., Transportin 3 promotes a nuclear maturation step required for effi-
cient HIV-1 integration. PLoS Pathog. 7, e1002194 (2011).

44. A. Jordan, D. Bisgrove, E. Verdin, HIV reproducibly establishes a latent infection after
acute infection of T cells in vitro. EMBO J. 22, 1868–1877 (2003).

45. L. Xu, C. K. Glass, M. G. Rosenfeld, Coactivator and corepressor complexes in nuclear
receptor function. Curr. Opin. Genet. Dev. 9, 140–147 (1999).

46. K. Orchard, G. Lang, J. Harris, M. Collins, D. Latchman, A palindromic element in the
human immunodeficiency virus long terminal repeat binds retinoic acid receptors
and can confer retinoic acid responsiveness on a heterologous promoter. J Acquir
Immune Defic Syndr (1988) 6, 440–445 (1993).

47. J. A. Ladias, Convergence of multiple nuclear receptor signaling pathways onto the
long terminal repeat of human immunodeficiency virus-1. J. Biol. Chem. 269,
5944–5951 (1994).

48. C. Van Lint, J. Ghysdael, P. Paras Jr., A. Burny, E. Verdin, A transcriptional regulatory
element is associated with a nuclease-hypersensitive site in the pol gene of human
immunodeficiency virus type 1. J. Virol. 68, 2632–2648 (1994).

49. F. Zhang, G. Meng, W. Strober, Interactions among the transcription factors Runx1,
RORgammat and Foxp3 regulate the differentiation of interleukin 17-producing T
cells.Nat. Immunol. 9, 1297–1306 (2008).

50. G. E. Zentner, P. J. Tesar, P. C. Scacheri, Epigenetic signatures distinguish multiple classes
of enhancerswith distinct cellular functions.GenomeRes. 21, 1273–1283 (2011).

51. G. Nabel, D. Baltimore, An inducible transcription factor activates expression of
human immunodeficiency virus in T cells.Nature 326, 711–713 (1987).

52. S. K. Whitley et al., IL-1R signaling promotes STAT3 and NF-κB factor recruitment to
distal cis-regulatory elements that regulate Il17a/f transcription. J. Biol. Chem. 293,
15790–15800 (2018).

53. M. Kunkl et al., CD28 individual signaling up-regulates human IL-17A expression by
promoting the recruitment of RelA/NF-κB and STAT3 transcription factors on the
proximal promoter. Front. Immunol. 10, 864 (2019).

54. M. Pardons et al., Single-cell characterization and quantification of translation-
competent viral reservoirs in treated and untreated HIV infection. PLoS Pathog. 15,
e1007619 (2019).

55. Y. Zhang et al., Improving HIV outgrowth by optimizing cell-culture conditions and
supplementingwith all-trans retinoic acid. Front. Microbiol. 11, 902 (2020).

56. A. Cattin et al., RALDH activity induced by bacterial/fungal pathogens in CD16+

monocyte-derived dendritic cells boosts HIV infection and outgrowth in CD4+ T Cells.
J. Immunol. 206, 2638–2651 (2021).

57. F. Canonne-Hergaux, D. Aunis, E. Schaeffer, Interactions of the transcription factor
AP-1 with the long terminal repeat of different human immunodeficiency virus type
1 strains in Jurkat, glial, and neuronal cells. J. Virol. 69, 6634–6642 (1995).

58. B. Das et al., Estrogen receptor-1 is a key regulator of HIV-1 latency that imparts
gender-specific restrictions on the latent reservoir. Proc. Natl. Acad. Sci. U.S.A. 115,
E7795–E7804 (2018).

59. K. L�elu et al., Estrogen receptor α signaling in T lymphocytes is required for estradiol-
mediated inhibition of Th1 and Th17 cell differentiation and protection against
experimental autoimmune encephalomyelitis. J. Immunol. 187, 2386–2393 (2011).

60. L. Garnier et al., Estrogen signaling in bystander Foxp3neg CD4+ T cells suppresses
cognate Th17 differentiation in Trans and protects from central nervous system auto-
immunity. J. Immunol. 201, 3218–3228 (2018).

61. A. Bernier et al., Transcriptional profiling reveals molecular signatures associated
with HIV permissiveness in Th1Th17 cells and identifies peroxisome proliferator-
activated receptor gamma as an intrinsic negative regulator of viral replication. Ret-
rovirology 10, 160 (2013).

62. A. L. Hill, D. I. S. Rosenbloom, M. A. Nowak, R. F. Siliciano, Insight into treatment of
HIV infection from viral dynamics models. Immunol. Rev. 285, 9–25 (2018).

63. D. R. Withers et al., Transient inhibition of ROR-γt therapeutically limits intestinal
inflammation by reducing TH17 cells and preserving group 3 innate lymphoid cells.
Nat.Med. 22, 319–323 (2016).

64. H. Spits, J. P. Di Santo, The expanding family of innate lymphoid cells: Regulators and
effectors of immunity and tissue remodeling.Nat. Immunol. 12, 21–27 (2011).

65. Z. Sun et al., Requirement for RORgamma in thymocyte survival and lymphoid organ
development. Science 288, 2369–2373 (2000).

66. L. Vozzolo et al., Gyrase B inhibitor impairs HIV-1 replication by targeting Hsp90 and
the capsid protein. J. Biol. Chem. 285, 39314–39328 (2010).

12 of 12 j PNAS Wiche Salinas et al.
https://doi.org/10.1073/pnas.2105927118 Th17 cell master transcription factor RORC2 regulates HIV-1 gene expression and viral outgrowth


