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Introduction

Despite effective antiretroviral therapy (ART), HIV-1 persists in
the latent reservoir, which is a major barrier to finding a cure (1-3).
Treatment interruptions lead to viral rebound from latently infected
cells (4). One of the strategies to cure HIV-1 infection is the shock-
and-kill strategy, which reverses HIV-1 latency and exposes HIV-1-
infected cells for immune clearance (5, 6). To prevent systemic tox-
icity, an ideal latency-reversing agent should reverse HIV-1 latency
without causing global T cell activation. Extensive small-molecule
compound library screens have identified latency-reversing agents,
such as histone deacetylase inhibitors, protein kinase C agonists,
and noncanonical NF-kB activators, that can reactivate HIV-1 in
vivo (5, 7-10). Yet, while latency-reversing agents can induce HIV-1
RNA transcription, recent evidence suggests that latency reversal
without T cell activation is not sufficient to induce antigen presen-
tation and immune clearance (11, 12). Understanding the cellular
environment supporting HIV-1 transcription is required to develop
effective HIV-1 eradication strategies.

Latent HIV-1 proviruses in quiescent memory CD4" T cells
are largely transcriptionally inactive. This is because of the lack
of active transcription factors and the Tat positive-feedback loop
(13-17), transcriptional blocks (18), and the repressive chromatin
environment (19-22). Upon antigen stimulation, T cell receptor
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Despite effective antiretroviral therapy, HIV-1-infected cells continue to produce viral antigens and induce chronic immune
exhaustion. We propose to identify HIV-1-suppressing agents that can inhibit HIV-1 reactivation and reduce HIV-1-induced
immune activation. Using a newly developed dual-reporter system and a high-throughput drug screen, we identified FDA-
approved drugs that can suppress HIV-1 reactivation in both cell line models and CD4* T cells from virally suppressed HIV-1-
infected individuals. We identified 11 cellular pathways required for HIV-1 reactivation as druggable targets. Using differential
expression analysis, gene set enrichment analysis, and exon-intron landscape analysis, we examined the impact of drug
treatment on the cellular environment at a genome-wide level. We identified what we believe to be a new function of a JAK
inhibitor, filgotinib, that suppresses HIV-1 splicing. First, filgotinib preferentially suppresses spliced HIV-1 RNA transcription.
Second, filgotinib suppresses HIV-1-driven aberrant cancer-related gene expression at the integration site. Third, we found
that filgotinib suppresses HIV-1 transcription by inhibiting T cell activation and by modulating RNA splicing. Finally, we
found that filgotinib treatment reduces the proliferation of HIV-1-infected cells. Overall, the combination of a drug screen
and transcriptome analysis provides systematic understanding of cellular targets required for HIV-1 reactivation and drug
candidates that may reduce HIV-1-related immune activation.

signaling leads to AP-1 (23), NFAT (24), and NF-kB (25) tran-
scription factor activation, nuclear translocation, and binding to
the HIV-1 promoter, and induces robust HIV-1 reactivation. Even
without latency-reversing agents, stochastic antigen stimulations
in vivo reactivate HIV-1 from latency at about 0.4 events per day
(26, 27). This is evidenced by the fact that HIV-1 RNA expression
can be readily detected in CD4" T cells from ART-treated, virally
suppressed HIV-1-infected individuals in the absence of ex vivo
latency reversal (28, 29). Therefore, despite effective ART, chron-
ic HIV-1 antigen production leads to chronic immune activation
(28, 30-33), immune exhaustion (34), the residual immune dys-
regulatory syndrome (35, 36), premature atherosclerosis (37, 38),
and accelerated aging (39, 40). Until a safe, scalable, affordable,
and generalizable HIV-1 eradication strategy is available, HIV-1-
infected individuals will continue to suffer from chronic immune
activation (41). To halt HIV-induced immune dysfunction and
chronic immune activation, therapeutic strategies that can inhibit
HIV-1 transcription are required.

ART inhibits viral enzyme function or viral entry but does not
inhibit HIV-1 transcription and viral antigen production. While
immunomodulatory strategies can enhance immune effector
functions, stopping antigen production from HIV-I-infected cells
is the key to blocking HIV-1-induced immune dysfunction. To tar-
get HIV-1 transcription effectively, a comprehensive understand-
ing of cellular pathways both sufficient and necessary for HIV-1
transcription is needed. HIV-1 latency-reversing agent searches
such as drug screens (5, 42) and cellular factor screens (43, 44)
have identified drugs or cellular pathways sufficient for HIV-1
reactivation, but not necessarily those required for HIV-1 tran-
scription. Drug and cellular factor screens searching for agents
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that can suppress HIV-1 transcription would identify cellular path-
ways required for HIV-1 transcription, such as Tat transactivation,
mTOR signaling, cation transport, and estrogen receptor signal-
ing (45-49). However, while these HIV-1-suppressing agents were
reported individually, a full picture of targetable cellular pathways
necessary for HIV-1 transcription remains unclear.

Here we combined a newly developed dual-reporter high-
throughput drug screen system and 3 genome-wide transcriptome
analysis approaches to systematically identify drugs and cellu-
lar pathways that can inhibit HIV-1 transcription after the estab-
lishment of latency. We confirmed that the androgen antagonist
and modest diuretic spironolactone (50); a GTP-depleting agent,
mycophenolic acid (51); and a JAK inhibitor, ruxolitinib (52), can
suppress HIV-1 transcription as previously reported. Importantly,
we identified a JAK inhibitor, filgotinib, that can inhibit HIV-1-
driven aberrant host gene expression in addition to inhibiting
HIV-1 transcription. Filgotinib is an immunomodulatory agent
widely used in autoimmune diseases such as rheumatoid arthri-
tis (53), ankylosing spondylitis (54), psoriatic arthritis (55), and
Crohn’s disease (56). In this study, our goal was both to probe for
cellular pathways required for HIV-1 transcription and to identify
drugs that can suppress HIV-1 transcription.

Results

A dual-reporter screen identified FDA-approved drugs that can pref-
eventially inhibit HIV-1 transcription as HIV-1-suppressing agents.
To identify drugs that can preferentially inhibit HIV-1 expression,
we developed a dual-reporter HIV-1-infected Jurkat T cell system.
These dual-reporter HIV-1-infected Jurkat T cell clones harbor
both HIV-1-green fluorescent protein (HIV-1-dsGFP) reporter (42)
and EFloe-driven blue fluorescent protein (EFla-dsBFP) lentiviral
reporter (Supplemental Figure 1A; supplemental material available
online with this article; https://doi.org/10.1172/]JCI137371DS1).
HIV-1-dsGFP reports HIV-1 expression levels, while EFlo-dsBFP
serves as a counterscreen to measure drug effects on host gene
transcription. Decreased HIV-1-dsGFP expression with minimal
changes in EFla-dsBFP expression indicates preferential suppres-
sion of HIV-1 expression over host gene expression. Both dsGFP
and dsBFP are destabilized (ds) through PEST sequence-mediated
ubiquitination, leading to a short half-life of 2 hours (42) to reflect
HIV-1-dsGFP and EFla-dsBFP expression levels in real time. We
targeted HIV-1-dsGFP to the endoplasmic reticulum through the
signal peptide and targeted EFla-dsBFP to the nucleus through a
nuclearlocalization signal to prevent fluorescence resonance ener-
gy transfer between BFP and GFP. Different from J-Lat T cell lines,
which have low or no HIV-1 transcription at baseline, we identi-
fied clones that have high basal levels (>40%) of HIV-1 transcrip-
tion, namely 1B6-du, 5F9-du, and 6C6-du. This strategy provides
a wide dynamic range of HIV-1-dsGFP expression and allows us
to identify drugs that can suppress HIV-1 expression. Further, we
identified clones in which HIV-1 reporters were integrated into
introns of actively transcribed genes to recapitulate HIV-1 integra-
tion observed in HIV-1-infected individuals (57, 58). Overall, our
dual-reporter HIV-1-infected Jurkat T cell system allows real-time
detection of HIV-1 transcription states, a counterscreen reflecting
cellular gene transcription state, and integration into introns reca-
pitulating HIV-1 integration patterns observed in vivo.
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The landscape of cellular pathways required for HIV-1 transcrip-
tion as druggable therapeutic targets. We used an FDA-approved
small-molecule compound library to identify HIV-1-suppressing
agents. While this library does not contain epigenetic silencing
agents, the use of FDA-approved drugs identifies agents with
known clinical toxicity profiles and allows for efficient clinical
application. Drugs that suppress HIV-1-dsGFP expression below
3 standard deviations from the mean with EFla-dsBFP expression
in the 1B6-du clone were defined as candidate HIV-1-suppress-
ing agents (Supplemental Figure 1B and Figure 1A). From 1,430
FDA-approved small-molecule drugs, we identified 11 cellular
pathways and 16 putative HIV-1-suppressing agents (Supplemen-
tal Table 1, Figure 1A, and Figure 2) that inhibit HIV-1 transcrip-
tion. Our screen confirmed previously reported agents that can
inhibit HIV-1 transcription, such as the JAK inhibitor ruxolitinib
(59), the DNA helicase inhibitor spironolactone (50), the GTP syn-
thesis inhibitor mycophenolic acid (51), the transcription inhibitor
flavopiridol (60), and the cation transporter inhibitors levosimen-
dan (45) and digoxin (46). Consistent with previous findings (61),
mTOR inhibitors do not significantly suppress HIV-1 transcrip-
tion in our model. We also identified FDA-approved drugs that
can target pathways known to affect HIV-1 transcription, such as
uprosertib for Akt inhibition (62) and KPT-330 for CRM1-mediat-
ed nuclear RNA export (63). Importantly, we identified drugs and
cellular pathways that were not previously known to affect HIV-1
transcription, such as dovitinib, pazopanib, and ponatinib, which
inhibit receptor tyrosine kinase pathways, and mitomycin C, irino-
tecan, and mitoxantrone, which inhibit DNA unwinding (Supple-
mental Table 1 and Figure 2).

Because one cell line model may not recapitulate the hetero-
geneous HIV-1 integration sites in vivo, we tested the effect of
these 16 HIV-1-suppressing agents in 2 additional cell line clones
and in CD4" T cells from virally suppressed HIV-1-infected indi-
viduals (Supplemental Table 2). We first examined dose-response
curves and cellular viability using flow cytometry in the 2 addition-
al cell line clones 5F9-du and 6C6-du (Supplemental Figure 1C
and Supplemental Figure 2). These cell line clones harbor HIV-1-
dsGFP proviral reporters integrated into introns of different host
genes (Supplemental Figure 2). We found that 8 drugs (filgotinib,
digoxin, levosimendan, zinc pyrithione, irinotecan, mitomycin C,
mycophenolic acid, and spironolactone) suppressed HIV-1-dsGFP
expression without affecting EFla-dsBFP expression and cellular
viability in both of the additional cell lines (Supplemental Figure 2).

The JAKI inhibitor filgotinib is an HIV-1-suppressing agent. Con-
sidering the feasibility of systemic dosing and clinical adverse
effects, we focused on filgotinib, a new-generation JAKI inhibitor
that has not been reported to affect HIV-1 transcription. We used
ruxolitinib, a JAK inhibitor known to suppress HIV-1 transcription
(52) (ClinicalTrials.gov NCT02475655), to compare whether fil-
gotinib differs from other JAK inhibitors in terms of its mediation
of HIV-1 suppression. To examine whether filgotinib suppresses
HIV-1 transcription through distinct mechanisms, we used 2 drugs
known to suppress HIV-1 transcription, the DNA helicase inhibitor
spironolactone (50) and the IMPDH inhibitor mycophenolic acid
(51, 64) (NCT03262441), as positive controls. These 4 drugs (fil-
gotinib, ruxolitinib, spironolactone, and mycophenolic acid) have
minimal suppression of EFla-dsBFP expression (<0.5 standard
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Figure 1. A dual-reporter screen identified HIV-1-suppressing agents. (A) Screening of 1,430 small-molecule compounds from an FDA-approved drug

library identified 16 HIV-1-suppressing agents in dual-color Jurkat clone 1B6-du.

(B) Dose-response curves of candidate HIV-1-suppressing agents in 3 cell

line models. HIV-1-dsGFP expression levels were normalized to the levels in DMSO-treated samples. Error bars represent SEM from quadruplicates. (C)
Cell-associated RNA levels of polyadenylated HIV-1and a housekeeping gene, POLRZ2A, in CD4* T cells from virally suppressed HIV-1-infected individuals
upon treatment with HIV-1-suppressing agents (10 uM for 24 hours) and PMA/ionomycin (P/I) challenge (for 6 hours) in the presence of ART (1 uM teno-
fovir and 10 uM enfuvirtide). Each color represents samples from an HIV-1-infected individual. ds, destabilized protein through PEST sequence-mediated
ubiguitination, giving the fluorescent proteins a half-life of 2 hours (42) for real-time reflection of HIV-1-dsGFP and EF1a-dsBFP expression levels.

*P < 0.05, **P < 0.01, ***P < 0.001 by 2-tailed Wilcoxon rank-sum test.

deviation from mean) and minimal cytotoxicity (>80% cellular
viability) (Supplemental Figure 2).

We first examined the dose-response curves using 3 addition-
al cell line clones, 8B10 (harboring HIV-1-dsGFP integrated into

VAVI), 1G2 (harboring HIV-1-dsGFP integrated into RAPIB), and
1D7 (harboring HIV-1-dsGFP integrated into SPECCI) (Figure
1B). Filgotinib and spironolactone remarkably suppressed HIV-1-
dsGFP expression (0.6 and 0.8 log reduction, respectively). The

4971

jci.org  Volume130  Number9  September 2020


https://www.jci.org
https://www.jci.org
https://www.jci.org/130/9
https://www.jci.org/articles/view/137371#sd

4972

RESEARCH ARTICLE

The Journal of Clinical Investigation

T cell homeostasis

| T cell activation |

L2 [ cationtransport |
U InnipItor

L7 Filgotinib§

IL-15 Ruxolitinib$

I |
CMAPK > Caleineurin > (_PKCB D ~—(_PIaK

@ RTK inhibitor
Dovitinibt

@ Cation pump inhibitor
Digoxin¥

T € ¢

Pazopanib Levosimendan¥$ PRPP
l l l l Ponatinib$ Zinc pyrithione¥§
IMP
I_@) Akt inhibitor (® IMPDH inhibitor
Uprosertib$ Mycophenolic acid1=§—|
" I "
1" [} Ui * GMP
L G |
A G e e ] A
" ! ) ! GTP
1 ! / |
\

’ |
' /

! Transcription —
V) ’I/I elongation RNA splicing

/
1
;!

HIV-1 provirus

(5 DNA cross-link
Mitomycin C¥8§

(® Topoisomerase inhibitor
Irinotecan¥
Mitoxantrone$

DNA unwinding . L.
HIV-1-driven aberrant transcription

h (9 CDK inhibitor
1 Flavopiridol §

(7 DNA helicase inhibitor
Spironolactone 8

|
1
/ CRMA1 !

/
/
/
/
/ (1) CRM1 inhibitor

/ KPT-330

{0 Splicing inhibitor

FiIgotinib#§J-

¥

GTP GTP

GTP

RNA synthesis

— Signaling

—> Conversion

— —>» Translocation

— — Transcription factor binding site
Transcription start site

——] Inhibition

Figure 2. Therapeutic targets of HIV-1 reactivation. A high-throughput drug screen identified 11 cellular pathways critical for HIV-1 transcription after HIV-1
integration. 'Preferential HIV-1 suppression in 1 additional cell line. *HIV-1 suppression in 2 additional cell lines. *HIV-1 suppression in CD4* T cells from

virally suppressed HIV-1-infected individuals.

50% maximum inhibitory concentration (IC, ) of filgotinib and
spironolactone (~7 uM and 4 uM, respectively) was within 3-fold
of the plasma levels observed in clinical use (3.4 pM [ref. 65] and
1.5 uM [ref. 66], respectively). Ruxolitinib and mycophenolic acid
minimally suppressed HIV-1-dsGFP expression (0 and 0.2 log
reduction, respectively) in these 3 cell lines.

We next examined the effect of these 4 HIV-1-suppressing
agents on CD4* T cells from virally suppressed HIV-l-infect-
ed individuals. We treated CD4* T cells from virally suppressed
HIV-l-infected individuals (Supplemental Table 2) with HIV-1-
suppressing agents for 24 hours and stimulated these cells with
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PMA and ionomycin during the final 6 hours to test whether cells
treated with HIV-1-suppressing agents can resist PMA/ionomy-
cin-induced maximum latency reversal (ref. 67, Figure 1C, and
Supplemental Figure 3). We determined HIV-1 expression levels
using cell-associated HIV-1 RNA expression from aliquots of 1
million CD4* T cells. We found that filgotinib, ruxolitinib, spi-
ronolactone, and mycophenolic acid significantly suppressed
cell-associated HIV-1 RNA expression despite PMA /ionomycin
challenge by 1.0 log, 0.6 log, 1.5 log, and 0.4 log, respectively
(P < 0.05), ex vivo (Figure 1C). Overall, we found that filgotinib
and spironolactone inhibited HIV-1 expression more prominent-
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ly, both in cell line models and in CD4* T cells from virally sup-
pressed HIV-1-infected individuals.

Filgotinib preferentially suppresses spliced over unspliced HIV-1
transcription. To understand how HIV-1-suppressing agents
reduce HIV-1 transcription, we examined whether it is the
unspliced HIV-1 RNA, spliced HIV-1 RNA, or both that are affect-
ed. Using 3 HIV-1-infected cell line clones (Figure 3, A and B) and
CD4"' T cells from virally suppressed HIV-1-infected individuals
(Figure 3, C and D), we examined the expression levels of cell-as-
sociated total HIV-1 RNA (measuring polyadenylated HIV-1 RNA)
(68), unspliced HIV-1 RNA (measuring gag RNA) (69), and spliced
HIV-1 RNA (measuring tat/rev RNA) (70). We found that these
HIV-1-suppressing agents changed spliced and unspliced HIV-1
RNA expression differently (Figure 3A). Among them, filgotinib
suppressed spliced HIV-1 RNA expression more prominently than
unspliced HIV-1 RNA expression (0.7 log vs. 0.2 log reduction in
spliced vs. unspliced HIV-1 RNA, respectively) (Figure 3B). In con-
trast, the other JAK inhibitor, ruxolitinib, suppressed unspliced but
not spliced HIV-1 RNA expression (0.1 log vs. 0.4 log reduction in
spliced vs. unspliced HIV-1 RNA, respectively), while spironolac-
tone (0.8 log vs. 0.8 log reduction) and mycophenolic acid (0.4 log
vs. 0.5 log reduction) suppressed both spliced and unspliced HIV-1
RNA expression. We further examined the expression levels of
total, unspliced, and spliced HIV-1 RNA in CD4* T cells from viral-
ly suppressed HIV-l-infected individuals challenged with PMA
and ionomycin (Figure 3C). We found that filgotinib suppressed
the expression of spliced HIV-1 RNA preferentially compared with
unspliced HIV-1 RNA (3.8 log vs. 0.2 log reduction in spliced vs.
unspliced HIV-1 RNA, respectively) (Figure 3D). Notably, the low
level of tat/rev expression in CD4* cells from ART-suppressed
HIV-1-infected individuals (18) may not provide sufficient dynam-
ic range to determine whether HIV-1-suppressing agents reduce
spliced HIV-1 RNA transcription, and quantification of tat/rev
spliced HIV-1 RNA does not capture all spliced HIV-1 RNA spe-
cies. Therefore, we compared the changes of total HIV-1 RNA and
unspliced HIV-1 RNA, which can be readily captured and com-
pared. We found that total HIV-1 RNA level significantly decreased
in filgotinib-treated samples (average of 0.9 log reduction, P =
0.02), but unspliced HIV-1 RNA did not significantly decrease
(average of 0.2log reduction, P= 0.4), indicating that the decrease
in total HIV-1 RNA was due to a decrease in spliced HIV-1 RNA,
consistent with our findings in cell line models. This suggests that
filgotinib affects HIV-1 RNA splicing through previously unknown
mechanisms different from JAK inhibition (see below).

Filgotinib suppresses HIV-1-driven aberrant host gene transcrip-
tion. The hallmark of HIV-1-driven aberrant host gene transcrip-
tion at the integration site is HIV-1-to-host RNA splicing and high
levels of host gene transcription downstream but not upstream
of the HIV-1 integration site (71). In this event, the host gene
transcription is controlled by HIV-1 promoter activity, not host
immune homeostasis. When HIV-1 proviruses are integrated into
proliferation-related genes, HIV-1-driven aberrant host gene tran-
scription leads to excessive and unchecked proliferation of gene
expression as a mechanism for HIV-1 integration site-dependent
proliferation (71). We hypothesized that inhibition of HIV-1 tran-
scription or splicing by HIV-1-suppressing agents can disrupt
HIV-1-driven aberrant host gene transcription. To this end, we

RESEARCH ARTICLE

examined HIV-1-driven aberrant host gene transcription at the
integration site upon treatment with HIV-1-suppressing agents.
We used a cell line model (HIV-1-infected Jurkat clone 8B10) in
which HIV-1-dsGFP reporter is integrated into the intron of a
proliferation-related proto-oncogene, VAV (71). Integration into
VAVI is associated with clonal expansion of the HIV-1-infected
cells in HIV-1-infected individuals (72) and in lentivirus-trans-
duced CART cells (73), suggesting that integration into VAV is a
clinically relevant mechanism driving integration site-dependent
proliferation in vivo. In this cell line clone, HIV-1 drives high levels
of aberrant VAVI gene expression through HIV-1 promoter-driven
expression and HIV-1-to-VAVI splicing (71), particularly down-
stream but not upstream of the HIV-1 integration site (red arrow-
heads, Figure 4A). This reporter system provides a scalable mea-
surement of HIV-1-driven aberrant host gene expression at the
integration site. In mock-treated (DMSO) HIV-1-infected Jurkat
clone 8B10, VAVI RNA peaks downstream of the HIV-1 integration
site are more than 6 times higher than the RNA peaks upstream
of the HIV-1 integration site. Treatment with HIV-1-suppressing
agents, particularly filgotinib, spironolactone, and mycophenolic
acid, reduced HIV-1-driven aberrant VAVI transcription (Figure
4A). To quantify the effect of HIV-1-suppressing agents on HIV-1-
driven aberrant host gene expression, we measured cellular
canonical splicing (as measured by RNA reads capturing splicing
between VAVI exon 1 and exon 2), HIV-1-driven aberrant splicing
(as measured by HIV-1-to-host chimeric RNA reads), and HIV-1
RNA expression (as measured by all HIV-1 RNA reads) in the HIV-1-
infected Jurkat clone 8B10 (Supplemental Figure 4). We found
that filgotinib, but not other HIV-1-suppressing agents, signifi-
cantly suppressed HIV-driven aberrant splicing to the host RNA
by 1log (Supplemental Figure 4). Our results demonstrate that the
reduction of HIV-1-driven aberrant host gene transcription by fil-
gotinib is mediated through modulation of aberrant splicing.

At the protein expression level, HIV-1-driven aberrant VAVI
transcription led to a truncated VAV1 protein expression (Figure
4B, AVAV1). This is because HIV-1 integrates downstream of the
VAVI translation start site and obliterates the N-terminal VAV1
protein coding regions. This N-terminal VAV1 truncation removes
the regulatory region and increases the oncogenicity of this onco-
gene (74). Western blot analysis showed that filgotinib, spironolac-
tone, and mycophenolic acid treatment suppressed the oncogenic
truncated VAV1 expression (Figure 4, B and C). Overall, we showed
that HIV-1-suppressing agents not only suppress HIV-1 transcrip-
tionitself but also disrupt HIV-1-driven aberrant host gene expres-
sion at the integration site. To our knowledge, this is the first study
showing that HIV-1-driven aberrant host gene expression, a mech-
anism mediating HIV-1-integration site-dependent proliferation,
can be disrupted by FDA-approved drugs.

Transcriptional landscape analysis identifies distinct effect of
filgotinib on RNA processing. To understand the mechanisms of
how HIV-1-suppressing agents suppress HIV-1 RNA expression,
we performed transcriptome analysis using 3 independent meth-
ods: (a) Ingenuity Pathway Analysis (IPA) focusing on differential
expression of genes reaching significant statistical difference (75),
(b) gene set enrichment analysis (GSEA) focusing on whether an a
priori-defined set of genes concordantly differ between 2 biolog-
ical states using genome-wide profiling (76), and (c) exon-intron
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Figure 3. HIV-1-suppressing agents reduce different levels of spliced and unspliced HIV-1 RNA transcription. Cell-associated RNA levels (A and C) and
fold inhibition (B and D) of total (polyadenylated) (68), unspliced (gag) (69), and spliced (tat/rev) (70) HIV-1 RNA in 3 HIV-1-dsGFP-Jurkat clones (A and B)
and CD4" T cells from virally suppressed HIV-1-infected individuals (C and D) were measured by RT-qPCR. Cells were treated with HIV-1-suppressing agents
(10 uM for 24 hours). In clinical samples (C and D), aliquots of 1 million cells were treated with PMA /ionomycin challenge (for 6 hours) in the presence of
ART (1 uM tenofovir and 10 uM enfuvirtide). P values were calculated by Friedman’s nonparametric ANOVA test (2-tailed) with uncorrected Dunn's test for
comparison between each treatment and DMSO control. Error bars represent SEM from quadruplicates. DM, DMSO; Fi, JAK1 inhibitor filgotinib; Ru, JAK1/2
inhibitor ruxolitinib; Sp, DNA helicase inhibitor spironolactone; MA, IMPDH inhibitor mycophenolic acid; T, total HIV-1 RNA; U, unspliced HIV-1RNA; S,
spliced HIV-1 RNA.
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Figure 4. HIV-1-suppressing agents reduce HIV-1-driven aberrant host gene transcription at the integration site. (A) Normalized transcriptional land-
scape using first exon at the HIV-1integration site (proto-oncogene VAV1) in the HIV-1-Jurkat clone 8B10 treated with HIV-1-suppressing agents (10 uM) for
24 hours. HIV-1integration into VAV7 has been previously reported in CD4* T cells from virally suppressed HIV-1-infected individuals (72). Red arrowheads,
HIV-1integration site mapped by inverse PCR (58). (B) Western blot of VAV1 protein expression in HIV-1-infected Jurkat clone 8B10 treated with HIV-1-
suppressing agents. (C) Relative quantification of intact VAV1 and truncated VAV1 expression to DMSO treatment normalized to GAPDH in triplicates. DM,
DMSO; Fi, filgotinib; Ru, ruxolitinib; Sp, spironolactone; MA, mycophenolic acid. P value was calculated with 1-way ANOVA with Fisher’s least significant

difference test for comparison between each treatment and DMSO control.

landscape mapping, which captures genes affected by changes
in RNA splicing (77). Different from overexpression or downreg-
ulation of individual cellular factors, GSEA allows genome-wide
understanding of how drug treatment affects the cellular environ-
ment. We compared the transcriptome of the HIV-1-infected 8B10
Jurkat cell clone (Supplemental Figure 5A) and CD4" T cells from
virally suppressed HIV-1-infected individuals (Figure 5A) treated
with HIV-1-suppressing agents for 24 hours versus the transcrip-
tome of mock-treated (DMSO) cells.

IPA provides standard examination of cellular genes up- or
downregulated during pharmacological perturbations. Using IPA,
we found that differentially expressed genes in filgotinib-treated
cells, in particular, were strikingly enriched in RNA splicing and
RNA processing (Supplemental Figure 5B and Figure 5B), which
was not seen in cells treated with other HIV-1-suppressing agents
(Supplemental Figure 6).

GSEA, unlike IPA, does not involve filtering out up- or down-
regulated individual genes based on an arbitrary false discovery
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Figure 5. Pathway enrichment analysis of CD4* T cells from virally
suppressed HIV-1-infected individuals treated with HIV-1-suppressing
agents ex vivo. (A) Differential gene expression analysis of CD4* T cells
from 3 virally suppressed HIV-1-infected individuals (participants 1021,
1024, and 1025) treated with 10 uM HIV-1-suppressing agents for 24 hours
in the presence of ART (1 uM tenofovir and 10 uM enfuvirtide). (B) Disease
and biological function pathway analysis of differentially expressed genes
using Ingenuity Pathway Analysis (IPA). (C) Results of GSEA (76) with
Gene Ontology (GO) gene sets visualized by EnrichmentMap in Cytoscape
(79, 114). Each node represents one GO gene set in the GSEA Molecular
Signature Database (MSigDB) that is significantly enriched (FDR < 0.25).
The size of the node represents the number of genes in each gene set. Red
represents a positive enrichment score, and blue represents a negative
enrichment score. The edge (connected lines between nodes) represents
the degree of gene overlap between nodes. The cutoff of overlap coeffi-
cient is 1. We identified the most enriched pathways from the top 17 nodes
with more than 50 interactions each. (D-F) The expression levels of T cell
activation-related gene sets (D), RNA metabolic process-related genes (E),
and chromatin organization-related genes (F) were analyzed using CD4* T
cells from 3 virally suppressed HIV-1-infected individuals. DM, DMSO; Fi,
filgotinib; Ru, ruxolitinib; Sp, spironolactone; MA, mycophenolic acid.

rate (FDR) or P value. Instead, GSEA examines the transcription-
al levels of all the genes involved in candidate cellular pathways
(gene sets) and determines whether certain cellular pathways are
more prominently affected upon pharmacological perturbations.
Using GSEA, we examined all Gene Ontology (GO) gene sets on
the Molecular Signatures Database (MSigDB) (78) and visualized
the pathway interaction networks using EnrichmentMap in Cytos-
cape (79). Using the highest overlap coefficient, we identified the
most enriched pathways that may have pivotal influence in the
cellular environment (Figure 5C and Supplemental Figure 5C).
Among them, closely clustered GO gene sets represent overlap-
ping genes, which highlight pathways occurring simultaneously.

We found that the transcriptome signature in filgotinib-treat-
ed cells is strikingly different from that in cells treated with the
other JAK inhibitor, ruxolitinib, and other HIV-1-suppressing
agents. First, as a JAK inhibitor, filgotinib suppressed T cell acti-
vation, demonstrating downregulation of the JAK/STAT signal-
ing pathway (STAT6), PI3K/Akt pathways (AKTI), TCR signaling
(ZAP70 and IL2RA [CD25]), and the exhaustion marker PDCDI
(PD1) (Supplemental Figure 5D and Figure 5D). While both fil-
gotinib and ruxolitinib were JAK inhibitors, filgotinib-mediated
reduction in T cell activation was significantly more prominent.

Second, consistent with IPA analysis (Figure 5B), we found that
filgotinib-treated cells upregulated genes related to RNA process-
ing, including RNA splicing (Figure 5E and Supplemental Figure
5E). Importantly, many of these RNA processing genes have been
reported to be critical for HIV-1 transcription, such as CLK1 (80, 81),
UPF1 (82, 83), THOCI (84), IWSI (85), and METTL3 (86). Disrupted
RNA expression of these HIV-1-related RNA processing genes may
mediate preferential inhibition of HIV-1 splicing (Figure 3).

Third, we found that filgotinib-treated cells had altered chro-
matin organization and modification pathways (Supplemental
Figure 5F and Figure 5F) that have been reported to affect HIV-1
transcription, such as TET2 (87), HDACI-HDACS3 (88-90), CDK2
(91, 92), SMYD2 (93), and BRCA1 (94). Notably, the class I histone
deacetylases HDAC1-HDACS3, but not other HDACs, induce HIV-1
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repression (95). Overall, filgotinib functioned not only as a JAK
inhibitor that suppressed T cell activation but also inhibited cellu-
lar factors involved in HIV-1 transcription, splicing, and reactiva-
tion. Our findings demonstrate that genome-wide transcriptome
analysis can systematically identify potential mechanisms mediat-
ing HIV-1 transcription and reactivation.

Filgotinib may potentially function as a splicing inhibitor that
induces intron retention. Our finding that filgotinib suppressed
spliced HIV-1 RNA expression more prominently than unspliced
HIV-1 RNA expression (Figure 3) suggests that filgotinib functions
as a splicing inhibitor. During normal cellular splicing events,
introns in pre-mRNAs are spliced out, leaving mature mRNA that
does not contain introns. When RNA splicing is disrupted, one of
the key features is that introns remain in the mature mRNA, a phe-
nomenon called intron retention. Intron retention has emerged as
a mechanism of gene expression control (96, 97), in cellular func-
tion (98), cancer (99), and HIV-1 infection (100). We examined
the impact of filgotinib on RNA splicing using intron retention
as a surrogate from the same RNA-Seq data set. Using IRFind-
er (77), which systematically identifies and quantifies retained
introns using bioinformatic calculations, we identified genes
harboring retained introns and visualized the exon-intron land-
scape. Among the 4 HIV-1-suppressing agents, we found that only
filgotinib induced a higher frequency of intron retention in both
HIV-l-infected Jurkat clone 8B10 and CD4" T cells from virally
suppressed HIV-1-infected individuals (Supplemental Figure 7A
and Figure 6A). We found that genes harboring retained introns
upon filgotinib treatment were enriched in RNA processing and
splicing pathways (Supplemental Figure 7, B-H, and Figure 6B). In
particular, filgotinib induced intron retention in key RNA process-
ing-related genes in HIV-1 transcription, such as HNRNPH1 (101)
and DDX4I (ref. 102 and Figure 6, C-F, blue arrowheads). Intron
retention in HNRNPHI and DDX41 led to reduced protein expres-
sion (Figure 6G). Our results suggest that filgotinib may potential-
ly function as a splicing inhibitor that induces intron retention in
genes involving HIV-1 RNA processing.

Filgotinib reduces T cell activation upon stimulation. Filgotinib
is an immunomodulatory agent clinically used to suppress aber-
rant T cell activation in autoimmune diseases. We asked wheth-
er JAK inhibition suppresses T cell activation in HIV-I-infected
individuals. We activated CD4* T cells from virally suppressed
HIV-1-infected individuals with CD3/CD28 stimulation for 4
days to induce T cell activation and cellular proliferation. The cul-
ture was supplemented with ART (tenofovir and enfuvirtide) to
prevent new rounds of infection. Cells were treated with DMSO,
filgotinib, ruxolitinib, spironolactone, or mycophenolic acid for 4
days. We found that the JAK inhibitors filgotinib and ruxolitinib
and the immune modulator mycophenolic acid suppressed T cell
activation (as measured by CD25 expression) and PD1 expression
(Supplemental Figure 8), while spironolactone did not. Overall,
we found that filgotinib suppressed T cell activation both at the
transcription level (Figure 5D) and as measured by surface protein
expression of activation markers (Supplemental Figure 8).

Filgotinib reduces the proliferation of HIV-1-infected cells upon
T cell activation. To test whether HIV-1-suppressing agents inhib-
it T cell proliferation, we tracked cellular proliferation upon CD3/
CD28 stimulation using CellTrace staining (Supplemental Figure
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Figure 6. Filgotinib induces intron retention in RNA processing-related genes in both HIV-1-infected Jurkat clone 8B10 and CD4* T cells from virally
suppressed HIV-1-infected individuals. (A) The number of intron-retained genes identified by IRFinder (77) in CD4* T cells treated with HIV-1-suppressing
agents using samples described in Figure 5. CD4* T cells were obtained from 3 virally suppressed HIV-1-infected individuals (participants 1021, 1024, and
1025) treated with 10 uM HIV-1-suppressing agents for 24 hours in the presence of ART (1 uM tenofovir and 10 uM enfuvirtide). Intron-retained regions
with significantly increased ratio (P < 0.05, unequal-variances t test) are reported. (B) Disease and biological function pathway analysis of intron-retained
genes using IPA in CD4* T cells from 3 virally suppressed HIV-1-infected individuals treated with filgotinib. (C-F) Integrative genome viewer plots of repre-
sentative RNA landscape of HNRNPH1 and DDX41 demonstrate intron retention in these genes (blue arrowheads) in HIV-1-dsGFP Jurkat clone 8B10 (C and
E) and in CD4* T cells from virally suppressed HIV-1-infected individuals (D and F). (G) Western blot of intron-retained genes HNRNPH1 and DDX41in HIV-1-
infected Jurkat 8B10 cells treated with HIV-1-suppressing agents. DM, DMSO; Fi, filgotinib; Ru, ruxolitinib; Sp, spironolactone; MA, mycophenolic acid.

measured the frequency of cells harboring inducible HIV-1 by the
end of CD3/CD28 stimulation. After 4 days of CD3/CD28 stimu-
lation, we cultured the cells in limiting dilution for 2 days to allow
the effect of HIV-1-suppressing agents to be washed out. To deter-
mine whether a 2-day washout period is sufficient toremove HIV-1-

8). While mycophenolic acid halted proliferation of all CD4" T cells
(<1% proliferated), the JAK inhibitor filgotinib had a modest inhib-
itory effect on proliferation of CD4" T cells (~49% proliferation).
To test whether HIV-1-suppressing agents preferentially sup-
press proliferation of HIV-1-infected cells over uninfected cells, we
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Figure 7. HIV-1-suppressing agents reduce the frequency of cells harboring inducible HIV-1. CD4* T cells from 6 virally suppressed HIV-1-infected indi-
viduals were activated with anti-CD3/CD28 antibodies for 4 days in the presence of HIV-1-suppressing agents (10 uM) and ART (1 uM tenofovir and 10 uM
enfuvirtide) to allow cellular proliferation without new rounds of infection. Cells were plated at limiting dilution (200,000 cells per well) to calculate the
frequency of cells harboring inducible HIV-1. After 2 days allowing washout of the HIV-1-suppressing agents, cells were stimulated with PMA/ionomycin to
induce HIV-1 RNA expression. The use of inducible HIV-1 RNA assay by measurement of supernatant HIV-1 RNA allows a wide dynamic range to calculate
the frequency of cells harboring inducible HIV-1. P values were calculated by Friedman’s nonparametric ANOVA test (2-tailed) with uncorrected Dunn's test
for comparison between each treatment and DMSO control. DM, DMSO; Fi, filgotinib; Ru, ruxolitinib; Sp, spironolactone; MA, mycophenolic acid.

suppressing effects, we examined HIV-1-driven GFP expression
in the HIV-1-infected Jurkat clone 8B10 after removal of HIV-1-
suppressing agents. We found that HIV-1-driven GFP expression
returned to basal level within 2 days after drug removal (Supple-
mental Figure 9). By measuring the frequency of HIV-l-infect-
ed cells over total cells using limiting-dilution culture after drug
treatment, we would be able to examine whether HIV-1-suppress-
ing agents preferentially reduce proliferation of HIV-1-infected
cells over total cells. We then stimulated the cells with PMA and
ionomycin to induce maximal latency reversal and measured the
frequency of cells harboring inducible HIV-1 using supernatant
HIV-1 RNA detection (103, 104). While supernatant HIV-1 RNA
expression does not equal the presence of replication-competent
HIV-1(28), this cell-free RNA-based inducible RNA assay provides
awide dynamic range to measure the frequency of cells harboring
inducible HIV-1 with readouts correlating with quantitative viral
outgrowth cultures (ref. 103 and Figure 7). We found that filgo-
tinib and mycophenolic acid significantly reduced the frequency
of cells harboring inducible HIV-1 (0.6 log and 0.7 log reduction,
respectively). Overall, we found that filgotinib reduced T cell acti-
vation and the proliferation of HIV-1-infected cells.

Discussion

The combination of drug screen and 3 levels of transcriptome
analysis (based on differential expression, gene set enrichment,
and exon-intron landscape analysis) systematically identified
what we believe are novel cellular pathways required for HIV-1
transcription as druggable therapeutic targets. Our drug screen
not only confirmed previously reported HIV-1 transcription inhib-
itors but also identified an HIV-1-suppressing agent, filgotinib.
Our transcriptome analysis broadened our understanding of drug
effects by genome-wide identification of all pathways involved
(Figure 5). Using these transcriptome analyses, we found that fil-

gotinib is not merely a JAK inhibitor. We found a function of filgo-
tinib as a splicing inhibitor, modulating HIV-1 RNA splicing and
transcription-related cellular factors and mediating preferential
suppression of HIV-1 RNA splicing.

We systematically examined the landscape of cellular
pathways involved in HIV-1 transcription and respective FDA-
approved drugs that target these pathways (Figure 2). We found
that both T cell activation pathways and HIV-1 transcription are
necessary for full HIV-1 reactivation. We identified additional T
cell activation-related pathways that can be inhibited to suppress
HIV-1 transcription through the use of JAK/STAT inhibitors (fil-
gotinib and ruxolitinib), tyrosine kinase inhibitors (dovitinib,
pazopanib, and ponatinib), Akt inhibitors (uprosertib), and cat-
ion transporter inhibitors (digoxin [ref. 105], levosimendan [ref.
45], and zinc pyrithione). More importantly, we identified RNA
transcription pathways involved in HIV-1 transcription, including
transcription initiation, elongation, splicing, and nuclear export.
Transcription initiation requires DNA unwinding by the DNA
helicase TFIIH (106) and topoisomerases (107) to relieve the
supercoiling tension during transcription, which can be inhibited
by the DNA unwinding inhibitors irinotecan, mitoxantrone, and
mitomycin C or by the DNA helicase inhibitor spironolactone
(50). RNA synthesis requires IMPDH for de novo GTP synthesis,
which can be inhibited by mycophenolic acid (51). Transcription
elongation requires cyclin-dependent kinases (CDKs), which can
be inhibited by the CDK inhibitor flavopiridol. RNA splicing can
be inhibited by filgotinib. Finally, nuclear export of unspliced
HIV-1 RNA can be inhibited by the CRM1 inhibitor KPT-330 (32).
We found that filgotinib, as a JAK inhibitor, suppresses genes
related to T cell activation such as IL2RA, AKT1,STAT1, VAV1, and
PDCDI (Figure 5) as expected. We found that filgotinib affects
HIV-1 and cellular RNA processing, which can be considered as
a new function or an off-target effect. We postulate that this may
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be because filgotinib, which binds to the ATP binding site in JAK,
also binds to RNA processing enzymes. This suggests that combi-
natorial strategies targeting HIV-1 reactivation pathways can be
achieved by one single drug. HIV-1-suppressing agents identified
in this study, as a proof of concept, can serve as lead compounds
for further development of HIV-1-specific therapeutic strategies,
likely in combinatorial approaches.

Despite the essential role of RNA splicing (32, 108, 109) in
HIV-1 life cycle and pathogenesis, little is known about how tar-
geting HIV-1 RNA splicing can be applied as a therapeutic strategy
in the context of HIV-1 persistence (110). Studies have shown that
HIV-1 splicing and HIV-1-induced aberrant splicing are associated
with HIV-1 persistence (71, 111, 112), which makes RNA splicing an
important potential therapeutic target. In contrast to traditional
differential gene expression analysis, which identifies a list of up-
and downregulated genes, we broadened transcriptome analysis
into qualitative visualization of the RNA transcription landscape.
Using RNA landscape approaches, we found that HIV-1-driven
cancer-related gene expression can be suppressed by HIV-1-sup-
pressing agents (Figure 4), and we found potentially novel func-
tions of filgotinib as a splicing inhibitor (Figure 6). These findings
in HIV-1-host interactions and HIV-1-drug interactions cannot be
found by traditional transcriptome analyses. Our findings high-
light the importance of HIV-1 and cellular RNA landscape analy-
sis in studying HIV-1-host interactions and identifying previously
unknown mechanisms of drug effects.

Overall, a combination of drug screening and transcriptome
analysis identified the landscape of cellular pathways critical for
HIV-1 reactivation, and an HIV-1-suppressing agent, filgotinib.
Filgotinib suppresses HIV-1 transcription and reduces the prolif-
eration of HIV-1-infected cells by targeting 2 different pathways,
involving inhibition of T cell activation and modulation of HIV-1
splicing. Therapeutic strategies targeting a combination of these
pathways with increased selectivity against HIV-1-infected cells
provide a new direction to reduce HIV-1-related immune activa-
tion and the proliferation of HIV-1-infected cells.

Methods

Clinical sample processing

Resting CD4" T cells from ART-treated, virally suppressed HIV-1-
infected individuals were isolated using magnetic negative depletion
(EasySep human CD4* T cell enrichment kit [STEMCELL, 17952],
CD69 MicroBead Kit, CD25 MicroBead Kit, and HLA-DR MicroBead
Kit [Miltenyi Biotec]).

Construction of Jurkat T cell clones containing known HIV-1 reporter
provirus integration site

Jurkat T cells (NIH AIDS Reagent Program) were transduced with a
single-round HIV-1 reporter virus, NL4-3-d6-dsEGFP (42), at a low
multiplicity of infection (<1% GFP expression). Briefly, Env in the full-
length NL4-3 genome was replaced by a destabilized EGFP. Inacti-
vating point mutations were introduced into viral genes except for tat
and rev. This reporter retains TAR, RRE, and all splice elements of the
NL4-3 backbone. GFP-positive cells were sorted 3 days after infection
into single cells and grown into clones. Cell line clones that grew into
visible pellets were collected for expansion after 3 weeks. Integration
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sites of these HIV-1-dsGFP-Jurkat T cell clones were examined using
inverse PCR (58, 113). These clones express various levels of HIV-1-
driven GFP due to stochastic activation via a Tat feedback loop (16)
and can be induced to nearly 100% of GFP expression upon PMA
(50 ng/mL)/ionomycin (1 uM) stimulation. For dual-reporter Jurkat
clones, HIV-1-dsGFP-Jurkat clones were transduced with EFla-driv-
en destabilized BFP containing a nuclear localization signal and sort-
ed by BFP positivity 3 days after transduction.

HIV-1-suppressing agents screen

A small-molecule compound library of 1,430 FDA-approved small-
molecule compounds (Selleckchem, L1300) were aliquoted to seven-
teen 96-well plates for a final concentration of 10 uM for each com-
pound. In each 96-well plate, 4 wells of flavopiridol served as positive
controls and 4 wells of DMSO served as negative controls. Cells were
fixed and examined under flow cytometry for GFP expression 24
hours after drug treatment.

Drug treatment condition and assays

Dose-response curves of HIV-1-dsGFP-Jurkat clones in vitro. All drug
treatment was performed at 10 uM unless otherwise specified. Qua-
druplicates of 100,000 uninfected Jurkat cells or HIV-1-infected Jur-
kat T cell clones were seeded in 96-well plates with DMSO or 0.01 pM,
0.1 uM, 1 uM, 2.5 uM, 5 uM, and 10 uM HIV-1-suppressing agents for
24 hours. Cells were stained with LIVE/DEAD Fixable Near-IR Dead
Cell Stain Kit (Thermo Fisher Scientific, L10119) and fixed for flow
cytometric analysis.

Immune phenotype of CD4* T cells treated with HIV-1-suppressing
agents. CD4" T cells from virally suppressed HIV-1-infected individuals
were stained with CellTrace Violet (Thermo Fisher Scientific, C34571)
and activated with Dynabeads human T-activator CD3/CD28 (Ther-
mo Fisher Scientific), IL-2 (30 U/mL), tenofovir (1 uM), and enfuvir-
tide (10 pM), and respective HIV-1-suppressing agents (filgotinib,
ruxolitinib, spironolactone, and mycophenolic acid) (10 M) or DMSO
for 4 days. Cells were stained with anti-CD25-BV605 (clone 2A3, Bio-
Rad, 562660), anti-PD1-APC (clone J105, Thermo Fisher Scientific,
17-2799-42), and LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit
(Thermo Fisher Scientific, L10119) for flow cytometric analysis.

RT-qPCR of resting CD4* T cells from HIV-1-infected individu-
als treated with drugs ex vivo and HIV-1-dsGFP-Jurkat clones. Cells
treated with HIV-1-suppressing agents for 24 hours were lysed in
TRIzol (1 million cells in 300 pL), and total RNA was extracted
with Direct-zol RNA Miniprep kits (Zymo Research, R2051). Total
(68), unspliced (69), and spliced (70) HIV-1 RNA or cellular RNA
(POLR2A) was measured by quantitative reverse transcription PCR
(RT-qPCR) using qScript XLT 1-Step RT-qPCR ToughMix Low-
ROX (Quanta Bio, 95134-02K) or TagMan Gene Expression assays
(Thermo Fisher Scientific, Hs00172187 m1), respectively. Primers
and probes for total, unspliced, and spliced HIV-1 RNA were as fol-
lows: total RNA (primers, 5'-CAGATGCTGCATATAAGCAGCTG-3'
and 5-TTTTTTTTTTTTTTTTTTTTTGAAGCACTC-3'; probe,
5'FAM-CCTGTACTGGGTCTCTCTGG-Q 3') (68); gag (primers,
5'-CATGTTTTCAGCATTATCAGAAGGA-3' and 5'-TGCTTGAT-
GTCCCCCCACT-3'; probe, 5’FAM-CCACCCCACAAGATTTAAA-
CACCATGCTAA-Q 3"); tat/rev (primers, 5'-CTTAGGCATCTCCTAT-
GGCAGGA-3' and 5-GGATCTGTCTCTGTCTCTCTCTCCACC-3';
probe, 5’FAM-AGGGGACCCGACAGGCCC-Q 3').
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Quantification of induced HIV-1 RNA. CD4" T cells from virally
suppressed HIV-1-infected individuals were treated with Dynabeads
human T-activator CD3/CD28 (Thermo Fisher Scientific, 111.32D),
IL-2 (30 U/mL), tenofovir (1 uM), and enfuvirtide (10 uM), and respec-
tive HIV-1-suppressing agents (filgotinib, ruxolitinib, spironolactone,
and mycophenolic acid) (10 uM) or DMSO for 4 days. Cells were
then pelleted to remove HIV-1-suppressing agents and plated at lim-
iting dilution (200,000 cells per well). After a 2-day washout period
allowing the effect of HIV-1-suppressing agents to decline, cells were
stimulated with PMA /ionomycin for 18 hours. Culture supernatant of
each of the limiting-dilution wells was collected for RNA extraction
and supernatant RT-qPCR of HIV-1 gag, as modified from an inducible
HIV-1 RNA assay (103).

RNA-Seq analysis

RNA extraction and library construction. Samples treated with HIV-1-
suppressing agents for 24 hours were collected for total RNA isolation
using TRIzol (Thermo Fisher Scientific) followed by Direct-zol RNA
extraction kit (Zymo Research). Approximately 500 ng of total RNA
was used to generate a cDNA library using a TruSeq mRNA Library
Prep kit (Illumina) for Illumina HiSeq 4000 2 x 100 bp sequencing or
an NEBNext Ultra II directional mRNA library prep kit (New England
Biolabs) for Novaseq 6000 2 x 150 bp sequencing.

Trimming and alignment. Low-quality reads from raw FASTQ files
were trimmed using Trimmomatic with “LEADING:3 TRAILING:3
SLIDINGWINDOW:4:30 MINLEN:50” arguments. Trimmed FASTQ
files were aligned using STAR 2.6.1d or 2.7.0f (https://github.com/

«

alexdobin/STAR) with the following arguments: “--readFilesCom-
mand gunzip -c --outSAMtype BAM SortedByCoordinate --chimOut-
Type SeparateSAMold --runThreadN 20 --outFilterType BySjout
--alignSJoverhangMin 5 --alignSJDBoverhangMin 3 --chimSegment-
Min 15 --outSAMstrandField intronMotif --outSAMattributes All
--quantMode GeneCounts”, to customized human assembly hg38
release 91 plus HIV-1 sequence (HXB2 or HIV-1-dsGFP).

Pathway enrichment on differentially expressed genes. Total gene
counts and normalization of STAR-aligned BAM files were obtained
using HTseq (htseq-count -r pos -f bam -s reverse) and DESeq2 with
human genome assembly hg38 release 91. Genes with a sum of read
counts smaller than 10 were filtered out. Differentially expressed
genes were analyzed with an adjusted P value less than 0.05 and fold
change over log, of 1.6 (3-fold). Disease and biological function path-
way analysis was carried out using IPA with the following analysis
setting: Species, Human; Tissues and Cell, Immune cells, other cells,
other tissues and primary cells, immune cell lines, other cell line. The
top 10 enriched pathways are presented in this article.

GSEA and visualization. Total gene counts and normalization of
STAR-aligned BAM files were obtained using HTseq (htseq-count -r
pos -f bam -s reverse) and DESeq2 with human genome assembly hg38
release 91. Genes with a sum of read counts smaller than 10 were filtered
out. Normalized counts were analyzed using GSEA (4.0.2) desktop soft-
ware (https://www.gsea-msigdb.org/gsea/index.jsp) with c5.all.v7.sym-
bols.gmt (GO) gene sets database, number of permutations 1000,
No_Collapse, phenotype of permutation type, and Human_ENSEM-
BL_Gene_ID MSigDBv7.0.chip. The result was then visualized using
EnrichmentMap in Cytoscape with FDR less than 0.25, Pvalue less than
0.005, overlap efficiency 1. Top clustered gene sets were selected by
selection of nodes that had the largest number of immediate neighbors.
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Intron retention (IR) analysis. Quality trimmed FASTQ files were
analyzed with IRFinder 1.2.5 using STAR-built indexes with human
genome assembly hg38 release 91.gtf as reference annotation (77).
Up to triplicates of treatments were compared. Output files were fil-
tered with the following criteria in Rstudio (1.1.463): ‘A-IRratio’ >= 0.1
& ‘A-IntronCover’ >= 0.7 & ‘A-IntronDepth’ >= 6 & ‘A-SplicesExact’
>=2 & ‘B-IRratio’ < 0.1 & ‘B-SplicesExact’ >= 2. Unequal-variances ¢
test of IRratio between 2 treatment groups was applied, and intron-
retained regions with significant difference (P < 0.05) were reported.

Western blot

Anti-VAV1 antibody (clone 2E11, Thermo Fisher Scientific, MAS5-
17198), anti-GAPDH antibody (clone GA1R, Thermo Fisher Scientific,
MAS5-15738), anti-HNRNPHI1 antibody (clone OTI4F10, Thermo Fish-
er Scientific, MA5-27375), and anti-DDX41 antibody (clone C-3, Santa
Cruz Biotechnology, sc-166225) were used in this study.

Data and materials availability
RNA-Seq results are available at the NCBI’s Gene Expression Omni-
bus database (GEO GSE149353).

Statistics

We first performed normality testing using Shapiro-Wilk and Kolm-
ogorov-Smirnov tests in GraphPad Prism. Samples treated in inde-
pendent culture wells were each compared with controls and were
not corrected by multiple comparisons. For HIV-1 RNA copy num-
bers from cells from HIV-infected individuals that were discontin-
uous and did not follow Gaussian distribution, Wilcoxon rank-sum
tests were used to compare 2 groups (PMA/ionomycin vs. DMSO
control) between paired clinical samples. In multiple groups of dis-
continuous variables with arbitrary detection limits, such as RT-
qPCR results and the frequency of HIV-1-infected cells, Friedman’s
nonparametric ANOVA test (2-tailed) with uncorrected Dunn’s test
was used to compare multiple groups (treatment vs. DMSO con-
trol). Western blot quantification followed Gaussian distribution
and was tested by 1-way ANOVA with Fisher’s least significant dif-
ference test. For the measurement of cellular canonical splicing,
HIV-1-driven aberrant splicing, and HIV-1 RNA transcription, RNA
reads came from the same RNA-Seq sample and were normalized
by multiple-comparisons tests: repeated-measures 2-way ANOVA
with the Geisser-Greenhouse correction and a post hoc analysis with
Dunnett’s multiple-comparisons test were used. All statistical calcu-
lations were done with GraphPad Prism v8.4. P values less than 0.05
were considered significant.

Study approval

The Yale University Institutional Review Board approved this study.
All participants provided written consent. All HIV-1-infected individ-
uals enrolled were on suppressive ART and maintained undetectable
plasma HIV-1 RNA levels (<50 copies/mL) for at least 6 months before
enrollment. Characteristics of HIV-1-infected individuals are listed in
Supplemental Table 2.
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