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A combination of drug screen and RNA landscape reveals targetable pathways in HIV-1 reactivation
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Background. Despite effective antiretroviral therapy, HIV-1-infected cells continue to produce viral antigens and induce chronic immune ex-
haustion. We propose to identify HIV-1-suppressing agents which can inhibit HIV-1 reactivation and reduce HIV-1-induced immune activa-
tion. 
Approaches. We developed a dual-reporter cell line model and screened a library of 1,430 FDA-approved small molecule compounds to 
identify HIV-1-suppressing agents. Second, we examined the effect of candidate HIV-1-suppressing agents on HIV-1 transcription and 
HIV-1-driven aberrant host gene transcription at the integration site. Third, we examined cellular transcriptional landscape of cells treated 
with candidate HIV-1-suppressing agents using three transcriptome analyses to find distinct pathways how these agents affect host cell en-
vironment. Fourth, to understand whether candidate HIV-1-suppressing agents can disrupt the proliferation dynamics of HIV-1-infected 
cells, we examined the frequency of HIV-1-infected cells from HIV-1-infected individuals upon ex vivo T cell activation with and without ex 
vivo treatment of candidate HIV-1-suppressing agents.

Figure 1. An FDA-approved small molecule compound library screen identified HIV-1-suppressing agents. (A) Scheme of the lentiviral reporter con-
structs. (B) A small molecule compound library of 1,430 FDA-approved drugs were screened in 96-well plates. (C, D) Screening of FDA-approved drug library 
identified 16 HIV-1-suppressing agents.

Figure 2. HIV-1-suppressing agents inhibit HIV-1 expression. (A) Dose response curves of candidate HIV-1-suppressing agents in three cell line models. 
HIV-1-dsGFP expression levels were normalized to the levels in DMSO-treated samples. Error bars represent standard errors from quadruplicates. (B) Cell-as-
sociated RNA levels of polyadenylated HIV-1 and a housekeeping gene POLR2A in CD4+ T cells from virally suppressed HIV-1-infected individuals upon treat-
ment with HIV-1-suppressing agents and PMA/ionomycin challenge in the presence of ART. (C) Dose response curves of HIV-dsGFP, EF1α-dsBFP, and viability 
in HIV-1-suppresing agents treatment. The expression levels were normalized to that of DMSO-treated controls. GFP, green fluorescent protein. BFP, blue fluo-
rescent protein. NLS, nuclear localization signal. P/I, PMA/ionomycin. DMSO, dimethylsulfoxide. *, p < 0.05; **, p < 0.01; ***, p < 0.001 by two-tailed paired Stu-
dent’s t-test. Error bars represent standard errors from triplicates.

Figure 3. Therapeutic targets of HIV-1 reactivation. A high-throughput drug screen identified 11 cellular pathways critical for HIV-1 transcription after HIV-1 in-
tegration. †, preferential HIV-1 suppression in one additional cell line. ‡, HIV-1 suppression in two additional cell lines. ¶, HIV-1 suppression in CD4+ T cells from 
virally suppressed HIV-1-infected individuals.

Figure 4. HIV-1-suppressing agents reduce different levels of spliced and unspliced HIV-1 RNA transcription. Cell-associated RNA levels (A, C) and fold 
inhibition (B, D) of total (polyadenylated), unspliced (gag), and spliced (tat/rev) HIV-1 RNA in three HIV-1-dsGFP-Jurkat clones (A, B) and CD4+ T cells from viral-
ly suppressed, HIV-1-infectd individuals (C, D) were measured by RT-qPCR. Error bars represent standard errors from quadruplicates.

Figure 5. HIV-1-suppressing agents reduce HIV-1-driven aberrant host gene transcription at the integration site. (A) Normalized transcriptional land-
scape using first exon in the HIV-1-Jurkat clone 8B10. Red arrowhead, HIV-1 integration site mapped by inverse PCR. (B) Western blot of VAV1 protein expres-
sion 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.

Figure 6. Pathway enrichment analysis of CD4+ T cell 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 three virally suppressed, HIV-1-infected individuals treated with HIV-1-suppressing agents. 
(B) Disease and biological function pathway analysis of differential expressed genes using ingenuity pathway analysis (IPA). (C) Results of higly clustered gene 
set enrichment analysis (GSEA) with gene ontology (GO) gene sets visualized by EnrichmentMap in Cytoscape. Each node represents one GO gene set that is 
significantly enriched (false discovery rate < 0.25). The size of the node represents the number of genes in each gene set. Color red represents a positive enrich-
ment score and color blue represents a negative enrichment score. The edge (connected lines between nodes) represents the degree of gene overlap between 
nodes. 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 three virally suppressed HIV-1-infected individuals.

Figure 7. Filgotinib induces intron retention in RNA processing-related genes in CD4+ T cell from virally suppressed, HIV-1-infected individuals. (A) 
The number of intron-retained genes identified by IRFinder in CD4+ T cells from three virally suppressed HIV-1-infected individuals compared with DMSO-treated 
samples. Intron-retained regions with significant increased ratio (p < 0.05, unequal variances t-test) were reported. (B) Disease and biological function pathway 
analysis of intron-retained genes using IPA in CD4+ T cells from three virally suppressed, HIV-1-infected individuals treated with filgotinib. (C) Integrative genome 
viewer (IGV) plots of representative RNA landscape of HNRNPH1 and DDX41 demonstrate intron retention in these genes (blue arrows) in CD4+ T cells from vi-
rally suppressed, HIV-1-infected individuals. (D) Western blot of intron-retained genes HNRNPH1 and DDX41 in HIV-1-infected Jurak 8B10 cells treated with 
HIV-1-suppressing agents.

Figure 8. HIV-1-suppressing agents reduce the frequency of cells harboring inducible HIV-1. (A) CD4+ T cells from virally suppressed, HIV-1-infected indi-
viduals were stained with CellTrace® dye and treated with anti-CD3/CD28 magnetic beads in the presence of ART and respective HIV-1-suppressing agents for 
3 days before flow cytometry analysis.(B) CD4+ T cells from virally suppressed, HIV-1-infected individuals were activated with anti-CD3/CD28 antibodies for four 
days in the presence of HIV-1-suppressing agents and ART.
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Overall, a combination of drug screening and transcriptome analysis identified the landscape of cellular pathways critical for HIV-1 reactiva-
tion and a novel HIV-1-suppressing agent filgotinib. Filgotinib suppresses HIV-1 transcription and reducing the proliferation of HIV-1-infected 
cells by targeting two different pathways, involving inhibition of T cell activation and modulation of HIV-1-splicing. Therapeutic strategies tar-
geting a combination of these pathways with increased selectivity against HIV-1-infected cells provides a new direction to reduce HIV-1-re-
lated immune activation and the expansion of the HIV-1-infected cells.

Filgotinib
Spironolactone

Mycophenolic acid

Mitomycin C

Mitoxantrone HCl

Irinotecan
Dovitinib 
Ponatinib 

Levosimendan

Zinc Pyrithione
Flavopiridol

KPT-330

Uprosertib 

Pazopanib

Digoxin

Ruxolitinib

0 20 40 60 80 100 120

−3SD

0

20

40

60

80

100

120

−3SD

EF1α-dsBFP (%)

H
IV

-1
-d

sG
FP

 (%
)

1,430 FDA-approved drug screen

0
20
40
60
80

100

H
IV

-1
-

ds
G

FP
 (%

)

0
20
40
60
80

100

EF
1α

-
ds

BF
P 

(%
)

Mean

-3 SD

Mean

-3 SD

5’ LTR 3’ LTR

Ψ/∆gag

pol ∆vpr
∆vpu

tat

rev
nef

∆env

∆vif

dsEGFP

dsBFPNLSEF1α

HIV-1-dsGFP

EF1α-dsBFP

A B C

D

SpironolactoneRuxolitinibFilgotinib Mycophenolic
acid

(µM)

8B10 (VAV1)
1G2 (RAP1B)
1D7 (SPECC1)

IC50 (µM)
11.2
6.8
3.1

>100
>100
>100

5.5
3.2
3.0

>100
>100

8.0

N
or

m
al

iz
ed

 G
FP

ex
pr

es
si

on
 (%

)

0.01 0.1 1 10 100
0

50

100

150

0.01 0.1 1 10 100 0.01 0.1 1 10 100 0.01 0.1 1 10 100

0h 18h 24h

HIV-1-suppressing agents HIV-1-dsGFP 
expressionHIV-1-dsGFP Jurkat

T cell clones

SpironolactoneRuxolitinibFilgotinib Mycophenolic
acid

H
IV

-1
PO

LR
2A

0.1
1

10
100

1000
10000

100000 * **

1
10

100
1000

10000
100000

1000000
10000000

100000000 *

*** **

P/I
+DMSO

P/I
+drug

P/I
+DMSO

P/I
+drug

P/I
+DMSO

P/I
+drug

P/I
+DMSO

P/I
+drug

C
op

ie
s 

of
 c

el
l-a

ss
oc

ia
te

d 
R

N
A 

pe
r m

ill
io

n 
ce

lls

HIV-1-suppressing agents RT-qPCR 
(Cell-associated HIV-1 
RNA and cellular POLR2A)Resting CD4+ T cells from 

HIV-1-infected individuals
P/I

0h 18h 24h

N
or

m
al

iz
ed

 H
IV

-1
-d

sG
FP

 e
xp

re
ss

io
n 

(%
) N

or
m

al
iz

ed
 E

F1
α-

ds
B

FP
 e

xp
re

ss
io

n 
(%

) V
ia

bi
lit

y 
(%

)

Drug concentration (µM)

Filgotinib

0.01 0.1 1 10
0

50

100

150

Zinc
pyrithione

0.01 0.1 1 10

Ruxolitinib

0.01 0.1 1 10

Irinotecan

0.01 0.1 1 10
0

50

100

150

Dovitinib

0.01 0.1 1 10

Mitoxantrone

0.01 0.1 1 10

Pazopanib

0.01 0.1 1 10
0

50

100

150

Mitomycin C

0.01 0.1 1 10

Ponatinib

0.01 0.1 1 10

Mycophenolic
acid

0.01 0.1 1 10
0

50

100

150

Digoxin

0.01 0.1 1 10
0

50

100

150

Flavopiridol

0.01 0.1 1 10

Levosimendan

0.01 0.1 1 10

KPT-330

0.01 0.1 1 10
0

50

100

150

 Uprosertib

0.01 0.1 1 10

Spirono-
lactone

0.01 0.1 1 10

A

B

C

T cell activation Cation transport

Transcription
elongation

Nuclear export

DNA unwinding RNA synthesis

RNA splicing

 IL2 
 IL7 
 IL15

STAT P

JAK
STATP

JAK P
P

P
P

 AB  AB

K+ Na+

K+ Na+

H+

H+

Zap70

mTOR

Akt

PI3K

AP-1

MAPK Calcineurin

NFAT

PKCθ

NFκB

Topo

Spliceosome
CDK9

TFIIH
GTP

GTP
GTP

GTP

GTP

GTP

GTP

GMP

IMP

Glucose

PRPP

IMPDH

CRM1

①JAK inhibitor
Filgotinib‡¶
Ruxolitinib¶

②RTK inhibitor
Dovitinib†

Pazopanib
Ponatinib¶

③Akt inhibitor
Uprosertib¶

④Cation pump inhibitor
Digoxin‡
Levosimendan‡¶
Zinc pyrithione‡¶

⑤DNA crosslink
Mitomycin C‡¶

⑥Topoisomerase inhibitor
Irinotecan‡
Mitoxantrone¶

⑦DNA helicase inhibitor
Spironolactone‡¶

⑧IMPDH inhibitor
Mycophenolic acid‡¶

⑨CDK inhibitor
Flavopiridol¶

10 Splicing inhibitor
Filgotinib‡¶

11 CRM1 inhibitor
KPT-330

HIV-1 provirus Host gene

HIV-1-driven 
aberrant transcription

T cell homeostasis

RNA
pol II

Signaling
Conversion
Translocation
Transcription 
factor binding site
Transcription
start site
Inhibition

Co
pie

s o
f c

ell
-a

ss
oc

iat
ed

RN
A 

pe
r m

illi
on

 ce
lls

8B10 (VAV1)
1G2 (RAP1B)
1D7 (SPECC1)

Cell line clones

100000

1000000

10000000

100000000

1000000000
* *****

DM Fi Ru Sp MA

Total HIV-1 RNA
polyadenylated

* ****
*

DM Fi Ru Sp MA

Unsplice HIV-1
RNA gag

* ** **

DM Fi Ru Sp MA

Spliced HIV-1 
RNA tat/rev

DM Fi Ru Sp MA
0.01

0.1

1

10

Fo
ld

 c
ha

ng
e

T U S T U S T U S T U S T U S

Co
pie

s o
f c

ell
-a

ss
oc

iat
ed

RN
A 

pe
r m

illi
on

 ce
lls

1021
1024
1025
1026

HIV-1-infected
individuals

1
10

100
1000

10000
100000

DM Fi Ru Sp MA

Total HIV-1 RNA
polyadenylated

DM Fi Ru Sp MA

Unsplice HIV-1
RNA gag

DM Fi Ru Sp MA

Spliced HIV-1 
RNA tat/rev

T U S T U S T U S T U S
0.00001

0.0001

0.001

0.01

0.1

1

10

Fo
ld

 c
ha

ng
e

Fi Ru Sp MA

T : Total HIV-1 RNA
U : Unspliced HIV-1 RNA
S : Spliced HIV-1 RNA

DM DMSO
Fi Filgotinib
Ru Ruxolitinib
Sp Spironolactone
MA Mycophenolic acid

HIV-1-suppressing agents P/I
RT-qPCR 
(polyadenylated, gag,
or tat/rev HIV-1 RNA)

Resting CD4+ T cells from 
HIV-1-infected individuals

0h 18h 24h

0h 18h 24h

HIV-1-suppressing agents RT-qPCR 
(polyadenylated, gag,
or tat/rev HIV-1 RNA)

HIV-1-dsGFP Jurkat
T cell clones

A B

C
D

VAV1

HIV-1 integration site Translation start site Transcription start site

Uninfected Jurkat HIV-1-Jurkat 8B10
(VAV1)

GAPDH

VAV1
ΔVAV1100

130

55

35

DM Fi Ru Sp MA DM Fi Ru Sp MA

VAV1 in uninfected
Jurkat

VAV1 in HIV-1-
 Jurkat 8B10

ΔVAV1 in HIV-1-
Jurkat 8B10

0.01

0.1

1

10

Fo
ld

 c
ha

ng
e

DM Fi Ru Sp MA

** *

DM Fi Ru Sp MA

** ** ***

DM Fi Ru Sp MA

DMSO
Filgotinib
Ruxolitinib
Spironolactone
Mycophenolic
acid

DMSO
Filgotinib
Ruxolitinib
Spironolactone
Mycophenolic
acid

U
ni

nf
ec

te
d 

Ju
rk

at
H

IV
-1

-in
fe

ct
ed

 J
ur

ka
t 8

B
10

A B

C

A

B

C D E FDifferentially expressed (DE) genes

6000
4000
2000

0
2000

Fi Ru Sp MAN
um

be
r o

f g
en

es
D

ow
n

up

Disease and biological function of DE 
genes treated by filgotinib

0 5 10 15 20

Autosomal recessive mental retardation
Nephronophthisis

Formation of autophagic vacuoles
Formation of cilia

Organization of cytoskeleton
Microtubule dynamics

Splicing of RNA
Splicing of mRNA

Processing of RNA
Processing of mRNA

p-value (-log10)

D
E

F

-10

0

10
z-score

Chromosome organization-
related groups

HDAC3- 
HDAC2- 

MYC−

IWS1−

TET2- 

HDAC1- 

TIMELESS- 
CDK2- 

SMYD2- 

BRCA1- 

DM Fi Ru Sp MA

-10

0

10
z-score

RNA metabolic-process
related groups

IWS1- 
UPF1- 

SRSF2- 
THOC1- 

HNRNPH1- 
DDX41- 

EXOSC10−

DHX15- 

CLK1- 

METTL3−

RBM4−

DM Fi Ru Sp MA

-10

0

10
z-score

T cell and activation-
process related groups

ZAP70- 
AKT1- 

IL2RA- 

BCL2- 
STAT1- 

LTA- 
STAT6- 

METTL3- 
TNF- 

PDCD1- 
IL2- 

VAV1−

RELA- 
HLA-B- 
TRAF6−

DIABLO- 

DM Fi Ru Sp MA

- 1021
- 1024
- 1025

Participant

0
1000
2000
3000
4000

Fi Ru Sp MAN
um

be
r o

f g
en

es

Intron retained (IR) genes

0 10 20 30 40

Splicing of mRNA
Splicing of RNA

Polyubiquitination of protein
Transcription

Transcription of RNA
Processing of mRNA

Expression of RNA
Ubiquitination of protein

Deubiquitination of protein
Processing of RNA

p-value (-log10)

Disease and biological function of 
IR genes treated by filgotinib

DMSO

Filgotinib

Ruxolitinib

Spironolactone

Mycophenolic
acid

HNRNPH1 DDX41

Intron retention

DM Fi Ru Sp MA
100 •

70 •

55 •

35 •

DDX41

HNRNPH1

GAPDH

A B C

D

0.01

0.1

1

10

100

Fr
eq

ue
nc

y 
of

 c
el

ls
ha

rb
or

in
g 

in
du

ci
bl

e 
H

IV
-1

 
(p

er
 m

illi
on

 c
el

ls
)

**
*

DM Fi Ru Sp MA

1026
1021
1025

1003
1053
1024

HIV-1-infected
individuals

Day 0 Day 4 Day 5 Day 6 Day 7

HIV-1-suppressing agents
Anti-CD3/CD28 + ART P/I

Wash-out period Supernatant
RT-qPCR
HIV-1 gag

Drug removal and
limiting dilution

CellTrace

C
D

25
P

D
-1

104

103

102

101

100

104

103

102

101

100

104103102101100 104103102101100 104103102101100 104103102101100 104103102101100 104103102101100

Isotype
control

DMSO Filgotinib Ruxolitinib Spirono-
lactone

Mycophenolic
acid

0.30.3

99.799.7

00

00

0.10.1

0.10.1

00

00

12.712.7

81.781.7 4.44.4

1.21.2

3.63.6

90.190.1 5.65.6

0.70.7

21.821.8

27.327.3 17.717.7

33.133.1

27.427.4

20.020.0 20.620.6

32.032.0

74.274.2

15.715.7 1.81.8

8.38.3

69.969.9

19.319.3 4.14.1

6.76.7

7.07.0

89.289.2 3.33.3

0.50.5

1.81.8

94.094.0 3.73.7

0.50.5

0.70.7

0.20.2 3.43.4

95.795.7

0.650.65

0.050.05 20.920.9

78.478.4

A B


