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HIV-1 Vif suppresses antiviral immunity by targeting STING
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HIV-1 infection-induced cGAS-STING-TBK1-IRF3 signaling activates innate immunity to produce type | interferon (IFN). The HIV-1
nonstructural protein viral infectivity factor (Vif) is essential in HIV-1 replication, as it degrades the host restriction factor APOBEC3G.
However, whether and how it regulates the host immune response remains to be determined. In this study, we found that Vif
inhibited the production of type | IFN to promote immune evasion. HIV-1 infection induced the activation of the host tyrosine
kinase FRK, which subsequently phosphorylated the immunoreceptor tyrosine-based inhibitory motif (ITIM) of Vif and enhanced the
interaction between Vif and the cellular tyrosine phosphatase SHP-1 to inhibit type I IFN. Mechanistically, the association of Vif with
SHP-1 facilitated SHP-1 recruitment to STING and inhibited the K63-linked ubiquitination of STING at Lys337 by dephosphorylating
STING at Tyr162. However, the FRK inhibitor D-65495 counteracted the phosphorylation of Vif to block the immune evasion of HIV-1
and antagonize infection. These findings reveal a previously unknown mechanism through which HIV-1 evades antiviral immunity
via the ITIM-containing protein to inhibit the posttranslational modification of STING. These results provide a molecular basis for the
development of new therapeutic strategies to treat HIV-1 infection.
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INTRODUCTION

Human immunodeficiency virus (HIV)-1 infection activates the
antiviral innate immune response and triggers the type |
interferon (IFN) response [1-4]. HIV-1 RNA and cDNA are sensed
by Toll-like receptors (TLRs) and cytosolic sensors, respectively.
The single-stranded RNA of HIV-1 may be sensed by TLR7 and
TLR8 in endosomes. This results in signal transduction that leads
to the translocation of IFN regulatory factor 7 (IRF7) or nuclear
factor-kappa B (NF-kB) to the nucleus and upregulates the
transcription of type | IFNs and proinflammatory cytokines [5, 6].
The Y-form ¢cDNA of HIV-1, generated by RNA reverse transcrip-
tion, is recognized by IFN-y-inducible protein 16 (IF116) and cyclic
GMP-AMP synthase (cGAS) [7-11]. cGAS specifically detects cDNA
and responds by producing cyclic GMP-AMP (cGAMP). Both IFI16
and cGAMP activate stimulator of interferon genes (STING) to
recruit and activate TANK-binding kinase 1 (TBK1), which
phosphorylates IRF3 and induces the production of type | IFNs
and proinflammatory cytokines [12-16].

Type | IFNs, including both IFN-a and IFN-(3, are well-characterized
innate antiviral proteins contributing to the fight against HIV-1
infection. Upon recognition of HIV-1 by TLRs or cytosolic DNA
sensors, type | IFNs activate the JAK/signal transducer and activator
of transcription signaling pathway and induce the expression of IFN-

stimulated genes (ISGs). ISGs contribute to the inhibition of viral
infection and indirectly activate both innate and adaptive antiviral
immune responses [17]. In addition, type | IFNs enhance the antigen
presentation and chemokine production of antigen-presenting cells,
which promote the antibody production of B cells and amplify T cell
effector function [18]. Therefore, the modulation of the type | IFN
response prior to or during infection is an important step for
developing novel therapeutic strategies to prevent HIV infection.
Although immune cells protect the host by producing type |
IFNs and pro-inflammatory cytokines [19, 20], HIV-1 uses several
unique strategies to evade host restriction and achieve success-
ful infection. For example, the HIV-1 capsid protein recruits host
cyclophilin A and polyadenylation-specific factor 6 to facilitate
infection [21-23]. Similarly, the viral protein U (Vpu) of HIV-1
promotes the production of virions by interacting with and
antagonizing tetherin, a host factor that specifically inhibits the
release of virions [24]. Apolipoprotein B mRNA-editing enzyme-
catalytic polypeptide-like 3G (APOBEC3G) exhibits cytidine
deaminase activity and restricts HIV-1 replication by converting
cytosines to uracils in newly synthesized viral cDNA. However,
the HIV-1 regulatory protein viral infectivity factor (Vif) not only
binds to APOBEC3G mRNA to inhibit its translation but also
induces APOBEC3G ubiquitination and degradation through the
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actions of the cullin 5-Skp1-Cullin-F-box complex and core-
binding factor-f [25-27]. In addition, the deoxynucleoside
triphosphate (dNTP) triphosphohydrolase SAMHD1 assists HIV-1
in suppressing the production of IFNs, I1SGs, and costimulatory
molecules in myeloid cells in a cGAS-STING pathway-dependent
manner [28, 29]. Furthermore, HIV-1 evades the antiviral innate
immune response by inhibiting mitochondrial antiviral signaling
protein (MAVS) after sensing abortive HIV-1 RNA via the host
helicase DEAD-box polypeptide 3 [30]. HIV-1 also negatively
regulates the type | IFN response by exploiting the nucleotide-
binding domain and leucine-rich repeat-containing protein X1 to
inhibit the interaction between STING and TBK1 [31]. However, it
is unclear which HIV-1 protein specifically mediates immune
evasion, and the detailed mechanisms involved in the signaling
cascade need to be elucidated.

In this study, we discovered that the HIV regulatory protein Vif
inhibited the production of type I IFNs during HIV-1 infection through
its interaction with SHP-1 in an [TIM-dependent manner. We
demonstrated that Vif enhanced the association of SHP-1 with STING
and inhibited its K63-linked ubiquitination at Lys337 via Tyr162
dephosphorylation. Furthermore, the FRK inhibitor D-65495 counter-
acted the phosphorylation of Vif, restored the antiviral innate immune
response, and antagonized HIV-1 infection.

METHODS AND MATERIALS

Reagents and plasmids

The following antibodies were used: anti-TBK1 (3504), anti-Myc (2276, 2278),
anti-phospho-TBK1 (5483), anti-phospho-IRF3 (29047), anti-phospho-p65
(3033), anti-phospho-p38 (9215), anti-phospho-Erk1/2 (9101), rabbit anti-
phospho-Tyr (8954), fluorescent Alexa 488-conjugated anti-mouse IgG
(4408), fluorescent Alexa 555-conjugated anti-mouse IgG (4409), fluorescent
Alexa 594-conjugated anti-rabbit IgG (8889), and fluorescent Alexa 647-
conjugated anti-rabbit IgG (4414), all from Cell Signaling Technology; anti-Vif
(ab66643) and anti-SHP-1 (ab55356), both from Abcam; anti-Flag M2 Affinity
Gel (A2220), anti-HA (H9658), anti-HA (H6908), and anti-Flag antibodies
(F7425), all from Sigma-Aldrich; and anti-GFP (CW0087), anti-GST (CW0085M)
and anti-His (CW0083M), all from Cwbio. Polyclonal anti-phospho-STING
Y162 was generated via immunization of rabbits with the peptide AWS-pY-
YIGYLRL (GeneCreate Biotech). Protein G Sepharose 4 Fast Flow was
purchased from GE Healthcare. The expression constructs for Flag-RIG-,
Flag-N-RIG-l, Flag-TBK1, Flag-IRF3, and HA-Ubs were obtained from Dr. B. Ge
(Tongji University, Shanghai, China). HA-Vif was a gift from Dr. Y. Zheng
(Michigan State University, Michigan); Flag-STING was obtained from Dr. B.
Sun (Shanghai Institute of Biochemistry and Cell Biology, Shanghai,
China); cDNAs encoding SRC, BLK, FRK, FYN, LYN, and LCK were obtained
from Dr. J. Han (Xiamen University, Fujian, China); and VSV-G-pseudotyped
NL4.3-Aenv was obtained from Dr. D. Sauter (Ulm University, Meierhof-
strasse, Germany). Site-directed point mutagenesis of STING was performed
using a KOD Plus Mutagenesis kit (SMK101, TOYOBO) according to the
manufacturer’s protocols.

Mice

Mice heterozygous for SHP-1 deficiency (“motheaten” C57BL/6J Ptpn6™/ /)
mice; 000811; Jackson Laboratories) and Tmem173~/~ mice (obtained from
Z. Jiang, Peking University, Beijing, China) were bred under specific
pathogen-free conditions at the Shanghai Research Center for Biomodel
Organisms. Three-week-old homozygous Ptpn6™=¥' ™ mice and their wild-
type littermates (control mice) and 6-week-old Tmem173~'~ and wild-type
control mice were utilized in the experiments. All animal studies were
approved by the Institutional Animal Care and Use Committee of Fudan
University.

Cell culture

Mouse peritoneal macrophages, MEFs, TZM-bl, and HEK293T cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM; HyClone)
supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS;
Gibco) and 100 U/mL penicillin and streptomycin (HyClone). HelLa, THP-1,
and Jurkat cells were cultured in RPMI-1640 medium supplemented with
10% (v/v) heat-inactivated FBS (Gibco) and 100 U/mL penicillin and
streptomycin (HyClone); MDMs were cultured in IMDM (Life Technologies)
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supplemented with 10% (v/v) heat-inactivated FBS (Gibco) and 100 U/mL
penicillin and streptomycin (HyClone).

Isolation of mouse peritoneal macrophages, MEFs, and human
MDMs

For peritoneal macrophages, 3-week-old homozygous Ptpn mice
and their wild-type littermates were intraperitoneally injected with 1 mL of
4% Brucella Broth. Three days later, peritoneal lavage fluid was collected
from the mice, and the cells were washed three times with phosphate-
buffered saline (PBS). Peritoneal macrophages were cultured in DMEM
supplemented with 10% FBS and 100 U/mL penicillin and streptomycin.
For MEFs, Tmem173~/~ or wild-type control mice were sacrificed at Day
13.5 of gestation via cervical dislocation. The embryos were separated from
the placenta and the embryonic sac under aseptic conditions. After
washing with PBS, the embryos were finely minced using a sterile razor
blade. A total of 5mL of 0.05% trypsin with 0.02% ethylenediaminete-
traacetic acid (EDTA) was added, and the cells were dissociated by
thorough pipetting before incubation at 4°C overnight. The digested
samples were centrifuged at a low speed (300 x g) at 4 °C for 5 min, and
the cell pellets were suspended and cultured in DMEM supplemented with
10% FBS and 100 U/mL penicillin and streptomycin for 24 h. The cells were
continuously cultured for passage or frozen when they reached 90-95%
confluence. For MDMs, peripheral blood mononuclear cells (PBMCs) were
isolated from healthy adult blood using CD14 microbeads (130-091-153;
Miltenyi Biotec) according to the manufacturer’s protocol. Information on
the volunteer blood donors is given in Table S1. The PBMCs were cultured
for 6 days in endotoxin-free IMDM (Life Technologies) containing 10% FBS
to obtain MDMs.

6me-v/me-v

HIV-1AVif and HIV-1 Vif(Y147F) strains

HIV-1AVif and HIV-1 Vif(Y147F) were produced via site-directed mutagen-
esis based on the VSV-G-pseudotyped NL4.3-Aenv virus. For HIV-1AVif,
two stop codons were inserted into the open reading frame of Vif using
specific primers. For HIV-1 Vif(Y147F), the codon TAC encoding tyrosine at
147 was mutated to TTT, encoding phenylalanine. KOD FX polymerase
(KFX-101, TOYOBO) was utilized for PCR amplification. Briefly, a 50-uL PCR
solution containing 25 uL of 2x PCR buffer for KOD FX, 10 uL of dNTPs,
25uL of primers, 1uL of KOD FX polymerase, 200ng of template
plasmid, and ddH20 was used for the following PCR program: 94 °C for
2 min, 25 cycles of 98 °C for 10 s followed by 68 °C for 13 min, and 68 °C
for 10 min. After digestion with Dpnl at 37 °C for 1 h, the PCR products
were transformed into DH5a for positive clone screening. The valid
mutant vectors were identified by sequencing.

Virus infection

For HIV-1 infection, VSV-G-pseudotyped NL4.3-Aenv viruses were produced
in HEK293T cells. After filtering through a 0.22-um mesh, the viral
supernatants were concentrated using 100K Amicon Ultra-15 filter tubes
(Millipore). The virus concentrations were quantified by p24 ELISA
(PerkinElmer Life Sciences) and titrated in TZM-bl cells using a luciferase
assay system (E1500, Promega) according to the manufacturer’s protocol.
MDMs and THP-1 cells (1 x 10° cells) were cultured without serum for 12 h
and infected with HIV-1 pseudoviruses (MOl = 1) for the indicated times.
For HSV-1 infection, viruses were collected from the supernatants of
infected Vero cells. THP-1 cells (1x 10° cells) were incubated for 12 h
without serum and infected with HSV-1 (MOI = 5) for the indicated times.

RNA-seq library preparation, sequencing, and data processing
Human MDMs were treated for 24 h with medium or infected with HIV-1 or
HIV-1AVif and lysed with RNAiso Plus (Takara) according to the
manufacturer’s protocol. The lysates were sent to Personalbio for cDNA
library construction and sequenced using an lllumina NovaSeq 6000. The
RNA-seq reads were first trimmed to remove poly-A sequences, and
unqualified reads were eliminated using Cutadapt. The remaining reads
were then aligned to the Homo sapiens reference genome GRCh38 with
HISAT2. The counts were summarized at the gene level using HTSeq. The
gene expression values were computed from fragments per kilobase per
million fragment (FPKM) values generated by addition of a pseudocount of
1 and log2-transformation of the results. These FPKM values were used to
draw a heatmap using the pheatmap R package. Paired differential
gene expression analyses were conducted using the DEseq R package with
the criteria of a fold-change >2 and a p value <0.05. Volcano plots
representing differential gene expression were drawn using the
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ggplot2 R package. GO and KEGG enrichment analyses of differentially
expressed genes were conducted using topGO and KAAS, respectively. The
terms or pathways involved in the host antiviral immune response with a
fold-change >2 and a p value <0.05 were used to identify GO term
enrichment or KEGG pathway enrichment. PPl analysis of the differential
genes was conducted using the STRING database, and a PPl network
model was drawn using Cytoscape.

Real-time quantitative PCR and HIV-1 Tat-Rev mRNA
expression detection

Cells were incubated for 12 h without serum and infected with viruses for
the indicated time. Total RNA was isolated using RNAiso Plus (9109; Takara)
according to the manufacturer's protocol. RNA (1pug) was reverse-
transcribed using a PrimeScript™ RT Reagent Kit (RR037; Takara) to
generate cDNA. A LightCycler (LC480; Roche) and a SYBR RT-PCR kit (QPK-
212; Toyobo) were utilized for quantitative real-time RT-PCR analysis. Gene
amplification was analyzed using the AACt method. Gene expression was
normalized to that of GAPDH. The primers used to amplify the human
genes, mouse genes, and HIV-1 Tat-Rev mRNA are listed in Table S2.

ELISA

Cells were incubated for 12 h without serum and infected with viruses for
the indicated time. A Verikine™ Human IFN-B ELISA Kit (41410-1; PBL
Assay Science) and a Human TNF ELISA Kit (430204; BioLegend) were used
to measure immunoreactive IFN-B and TNF in supernatants from MDMs,
respectively.

Pervanadate treatment, immunoprecipitation, and Western
blot analysis

For immunoprecipitation, HEK293T cells were transfected with the
indicated plasmids. After 48 h, the cells were treated with pervanadate
(0.1 mM sodium orthovanadate and 10 mM H,0,) for 30 min at 37 °C and
washed three times with ice-cold PBS. The cells were lysed in lysis buffer
(50 mM Tris (pH 7.4), 150 mM NaCl, 1% Triton X-100, and 1 mM EDTA (pH
8.0)) supplemented with a protease inhibitor cocktail (04693159001;
Roche), 1 mM PMSF, 1 mM NazVO,, and 1 mM NaF. After 30 min on ice, the
lysates were centrifuged for 15min at 13,200 rpm and 4 °C to remove
debris. The cell lysates were incubated with anti-Flag M2 Affinity Gel at 4 °C
overnight. For immunoprecipitation of endogenous protein, peritoneal
macrophages or THP-1 cells were lysed, and the lysates were incubated
with specific antibodies and Protein G Sepharose 4 Fast Flow at 4 °C
overnight. The Sepharose samples were centrifuged and washed three
times with ice-cold PBST (1% Triton X-100 in PBS). For immunoblotting, the
precipitates or cell lysates were boiled in 1x SDS loading buffer at 100 °C
for 10 min and then analyzed via immunoblot assay.

GST pulldown

His or GST fusion proteins were expressed in E. coli BL-21(DE3) (Tiangen
Biotech) or TKB1 cells (E. coli with a plasmid-encoded inducible gene
encoding tyrosine kinase) (StrateGene) according to the manufacturer’s
protocol. The purified His-fusion proteins or lysates from THP-1 cells were
incubated with GST-fusion proteins conjugated to glutathione beads at
4°C for 4 h. After centrifugation and washing three times with ice-cold PBS,
the beads were incubated in 1x SDS loading buffer at 100 °C for 10 min
and then analyzed via immunoblot assay.

In vitro kinase assay

GST-fusion proteins were expressed in E. coli BL-21(DE3) (Tiangen Biotech)
and purified with GST Bestarose 4FF (Bestchrom) according to the
manufacturer’s protocol. HEK293T cells were transfected with Myc-FRK or
control vectors. After 48 h, the cells were lysed as described above. The cell
lysates were incubated with Protein G Sepharose 4 Fast Flow (GE
Healthcare) and a mouse anti-Myc tag antibody at 4 °C overnight. After
washing three times with ice-cold PBST (1% Triton X-100 in PBS), the
Sepharose samples were incubated with GST-fusion proteins in kinase
reaction buffer (5mM Tris-HCl (pH 7.5), 2.5 mM beta-glycerophosphate,
1 mM EGTA, T mM NasVO,4, 4 mM MgCl,, 100 nM ATP, and 1T mM DTT) at
30°C for 30 min and evaluated via Western blot analysis.

Cell staining and confocal microscopy
Hela cells were transfected with the appropriate vectors for 48 h, infected
with HIV-1 or HIV-1AVif pseudoviruses for the times indicated, and fixed
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with 4% formaldehyde for 20 min at room temperature. The cells were
permeabilized for 30 min in PBS containing 0.3% Triton X-100 and blocked
at 4°C for 1h in blocking buffer (1% BSA in PBS). The cells were then
incubated with primary antibodies at 4°C overnight and secondary
antibodies at room temperature for 1 h. After staining with DAPI, images
were taken using a Leica TCS SP5 confocal laser microscopy system.

Transfection and RNA knockdown by adenoviral vectors
HEK293T cells were transiently transfected with polyethylenimine (23966-2;
Polysciences) according to the manufacturer's protocol. HelLa cells were
transfected with Lipofectamine 2000 (11668; Invitrogen), and MEFs were
transfected with Lipofectamine 3000 (L3000; Invitrogen). For SHP-1 knock-
down, HEK293T cells were transfected with rADs with 2 ug of human a-
synuclein and 4 pg of shSHP-1 or control vectors using Lipofiter™ (Hanbio).
For FRK knockdown with rADs, HEK293T cells were transfected with 2 pg of
shFRK or control vectors and 4 ug of pBHGlox(delta)E1/3Cre using Nanofusion
(Biomedicine Biotech). When most cells had detached from the substratum,
the cells and supernatants were collected and subjected to three freeze-thaw
cycles in liquid nitrogen at 37 °C. The virus was amplified twice by infecting
fresh HEK293T cells with virus-containing supernatants, and virions were
isolated by ultracentrifugation using CsCl. The viral titer was determined via
TCID50 assay in HEK293T cells. For rAD infection, MDMs or THP-1 cells were
incubated with rAD carrying shNC, shSHP-1, or shFRK for 8 h and cultured
with fresh RPMI-1640 containing 10% FBS for 48 h. SHP-1-specific ShRNA (5~
AATTCGCGGCTGACATTGAGAACCGAGTGTTTGTGCTTAACACTCGGTTCTCAATG
TCAGCCGTTTTTTG-3) and control shRNA (5-GATCCGTTCTCCGAACGTGT
CACGTAATTCAAGAGATTACGTGACACGTTCGGAGAATTTTTTC-3) was used to
knock down SHP-1 in MDMs and THP-1 cells. FRK-specific ShRNA (5-GGAGG
CACAGATAATGAAGAACCTAACTCGAGTTAGGTTCTTCATTATCTGTGCCTCTTTTT
G-3) and control shRNA (5-“GTGGCCACTACTTTGTG GCTTTGTTTCTCGAGAAA
CAAAGCCACAAAGTAGTGGCCATTTTTG-3") were used for the FRK knockdown
experiments.

Adenovirus-mediated overexpression

The rADs carrying various proteins, including Nef, Rev, Tat, Vif, Vpr, Vpu,
and Vif(Y147F), were packaged as described previously. For infection, THP-
1 cells were incubated with rAD carrying a mock insert or the indicated
genes for 8h and cultured with fresh RPMI-1640 containing 10% FBS
for 48 h.

Dual-luciferase reporter assay

HEK293T cells were transiently transfected with pRL-IFN-B-Luc or pRL-
ISRE-Luc, pRL-TK, and other vectors as indicated for 24 h. A Dual-Luciferase
Reporter Assay System (RG028; Beyotime) was used to detect luciferase
activity according to the manufacturer’s protocol.

Native PAGE

A dimerization assay was performed as previously described (Song et al.,
2016). Briefly, THP-1 cells (1 x 10° cells) were cultured without serum for
12h and infected with HIV-1, HIV-1AVif, or HIV-1-Vif(Y147F) pseudo-
viruses (MOl = 1). THP-1 cells were harvested with 50 pL of ice-cold lysis
buffer (50 mM Tris (pH 7.4); 150 mM NaCl; 1% Triton X-100; 1 mM EDTA
(pH 8.0); and protease inhibitor cocktail, 1 mM PMSF, 1 mM NasVO,, and
1 mM NaF). After centrifugation at 13,000 x g for 10 min, the supernatants
were quantified and diluted with 2x Native PAGE sample buffer (125 mM
Tris—HCI (pH 6.8), 30% glycerol, and 0.1% bromophenol blue). Then, 30 ug
of total protein was applied to a prerun 7.5% native polyacrylamide gel.
After electrophoresis, the proteins were transferred onto a PVDF
membrane for immunoblot analysis.

Protein structure analysis with Phyre2

The structure of Vif (residues 139-164) was analyzed using Phyre2 tools at
the following website: http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?
id=index.

Statistical analysis

Statistical analysis of the RNA-seq data was performed as described
previously. All data are expressed as the mean + SEM. Two-tailed unpaired
Student’s t tests were employed to compare the corresponding groups as
indicated. GraphPad Prism 7.0 software was used for data analysis and
presentation. P values <0.05 were considered to indicate statistical
significance.
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RESULTS

Vif suppresses the antiviral innate immune response

To elucidate the roles of HIV-1 proteins in the antiviral innate
immune response during infection, we transfected various HIV-1
regulatory proteins into THP-1 cells and then infected the cells
with herpes simplex virus 1 (HSV-1). The results indicated that
overexpression of Vif significantly inhibited the HSV-1-induced
expression of IFNB mRNA (Fig. 1A). HIV-1 infection promotes the
activation of antiviral signaling pathways and thereby induces the
production of type | IFNs; chemokines; ISGs; and proinflammatory
cytokines, including IFN-B, CXCL10, ISG15, and tumor necrosis
factor (TNF) [32]. To determine whether Vif suppresses these
mediators during HIV-1 infection, we infected monocyte-derived
macrophages (MDMs) with pseudotyped strains of HIV-1 and
glycoproteins of vesicular stomatitis virus (VSV-G)-pseudotyped
NL4.3-Aenv and its deletion mutant (HIV-1AVif). In these strains,
the envelope protein of HIV-1 was replaced with the glycoprotein
of vesicular stomatitis virus (VSV-G), which limits HIV-1 to a single
round of replication in HEK293T cells and facilitates the infection
of a large variety of human cell types [7, 31, 33]. As expected, we
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found that the deletion of Vif induced significantly elevated levels
of IFN-B and TNF in MDMs (Fig. 1B). Accordingly, the expression of
IFNB, CXCL10, I1SG15, and TNF mRNA in HIV-1AVif-infected MDMs
and IFNB, IFNG, IL2, and CD69 mRNA in HIV-1AVif-infected Jurkat
cells were also higher than that in cells infected with the HIV-1
strain (Fig. 1C and Supplementary Fig. S1). Moreover, the viral
replication level, which was represented by the expression of HIV-
1 Tat-Rev mRNA in HIV-1AVif-infected cells, was significantly lower
than that in cells infected with HIV-1 (Fig. 1D) [30]. These findings
indicate that HIV-1 Vif inhibits cytokine production.

To explore the regulatory role of Vif and its impact on overall
host antiviral immunity, we conducted an RNA-seq analysis of
human MDMs infected with HIV-1 or HIV-1AVif. Compared with
HIV-1 infection, infection of MDMs with HIV-1AVif resulted in 236
differentially expressed genes (185 upregulated and 51 down-
regulated; Fig. 1E and Supplementary Fig. S2A). Protein—-protein
interaction (PPI) analysis based on the differential gene expression
profile indicated a significant interaction network among the host
antiviral genes, including ISG15, CXCL10, MX2, STAT1, TRIM22, IFIT-
family genes, and OAS-family genes (Supplementary Fig. S2B).
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Consistently, a functional classification analysis of the upregulated
genes revealed enrichment of positive regulatory host defense
responses to virus infection (Supplementary Fig. S2C). Gene
Ontology (GO) analyses revealed that the deletion of Vif resulted
in upregulation of the expression of multiple genes related to the
type | IFN signaling pathway, the cellular response to type | IFN,
defense responses to viruses, and the innate immune response
(Fig. 1F and Supplementary Fig. S2D). Similarly, a Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis indicated
the enrichment of genes associated with antiviral immune
signaling pathways, including the NOD-like receptor signaling
pathway, cytosolic DNA-sensing pathway, RIG-I-like receptor
signaling pathway, and chemokine signaling pathways (Supple-
mentary Fig. S2E, F). Given the pivotal role of Vif in the regulation
of the host antiviral transcriptional program, we conclude that Vif
is important to HIV-1 infection, a finding consistent with the
results of previous experiments.

Vif interacts with SHP-1 to suppress cytokine production

To explore the molecular mechanism through which Vif mediates
immune inhibition, we reviewed the amino acid sequence of Vif
and identified a host cellular ITIM ("**LQYLAL'*®) motif. Host
ITIMs are critical negative regulatory elements in immune cells
that can be phosphorylated and recruit SHPs to inhibit the
immune response [34]. To determine whether HIV-1 Vif interacts
with SHP-1, we conducted forward and reverse coimmunopre-
cipitation assays (Co-IPs) and discovered that Flag-SHP-1 and
HA-Vif interacted with each other in the presence of the
phosphatase inhibitor pervanadate [35] (Fig. 2A, B). Furthermore,
a phosphatase-defective SHP-1 mutant also interacted with Vif
(Supplementary Fig. S3A). In addition, an in vitro glutathione
S-transferase (GST) pulldown assay demonstrated that recombi-
nant GST-Vif purified from TKB1 cells (Escherichia coli with a
plasmid-encoded inducible gene for tyrosine kinase) was directly
bound to purified recombinant His-SHP-1 or endogenous SHP-1
from THP-1 cells, while coexpression of CBF( increased the
binding (Fig. 2C, D). Consistent with these findings, Vif
colocalized with SHP-1 following HIV-1 infection, as determined
via immunofluorescence confocal microscopy (Fig. 2E). We also
infected THP-1 cells with either HIV-1 or HIV-1AVif and found that
Vif interacted with endogenous SHP-1 (Fig. 2F). To map the
binding regions of both Vif and SHP-1, we prepared deletion
mutants to determine whether these mutants lost their ability to
interact with one another. Vif fragments containing amino acid
residues 1-99 or 1-144 were unable to bind to SHP-1. However,
SHP-1 bound to the regions of Vif corresponding to amino acid
residues 1-150 or 100-192 (Supplementary Fig. S3B, C), which
include the aforementioned ITIM (***LQYLAL'>°) element. These
results indicate that ITIM phosphorylation is essential to the
interaction with SHP-1. Similarly, SHP-1 fragments containing
amino acid residues 1-242 were capable of interacting with Vif,
whereas SHP-1 amino acid residues 243-595 exhibited only weak
binding (Supplementary Fig. S3D, E). In addition, we found that
Vif promoted the K27- and K63-linked ubiquitination of SHP-1,
which are both essential to SHP-1 activation (Fig. 2G) [36]. These
results indicate that Vif interacts with SHP-1 via the ITIM and
promotes SHP-1 activation.

As Vif was capable of interacting with SHP-1, we investigated
whether SHP-1 mediated the inhibition of cytokine production by
Vif. We found that transfection of MDMs with SHP-1 short hairpin
(sh)RNA resulted in the specific inhibition of gene expression (Fig.
2H). SHP-1 knockdown caused the expression of IFNB, CXCL10,
ISG15, and TNF mRNA (Fig. 2I) to be elevated in response to HIV-1
infection. In contrast, no significant differences were observed
in cytokine production in MDMs infected with HIV-1AVif,
regardless of SHP-1 expression (Fig. 2I). Taken together, these
results suggest that the inhibition of cytokine production by Vif is
mediated by SHP-1.
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SHP-1 interacts with STING to inhibit K63-linked
ubiquitination of STING
Our finding that the inhibition of antiviral immunity by Vif is
mediated by SHP-1 raises the issue of the molecular mechanism
through which SHP-1 exerts its effects during HIV-1 infection. A
luciferase assay demonstrated that SHP-1 inhibited N-RIG-I-,
MAVS-, and STING-induced IFN-f and ISRE activation but had no
effect on the activation pathways induced by TBK1 and IRF3. This
indicates that SHP-1 acts upstream of TBK1-IRF3 (Fig. 3A, B). Co-IP-
based screening revealed that SHP-1 was capable of interacting
with STING (Fig. 3C), which was confirmed in a forward and
reverse Co-IP experiment (Fig. 3D). A GST pulldown assay revealed
that STING directly bound to both His-SHP-1 and endogenous
SHP-1 from peritoneal macrophages (Fig. 3E). However, the
phosphatase-defective SHP-1 mutant was unable to interact with
STING (Fig. 3F). Furthermore, STING colocalized with SHP-1, as
revealed by immunofluorescence confocal microscopy (Supple-
mentary Fig. S4A). To map the binding regions, we generated
STING and SHP-1 deletion mutants and found that amino acid
residues 1-137 of STING and amino acid residues 243-595 of SHP-
1 are essential for their interaction (Supplementary Fig. S4B-E).
K63-linked ubiquitination of STING is required for TBK1
recruitment and type | IFN induction [37, 38]. To determine
whether SHP-1 affects the ubiquitination of STING, we over-
expressed SHP-1 in HEK293T cells and found that SHP-1 inhibited
both the total and K63-linked ubiquitination of STING but had no
effect on other types of ubiquitination (Fig. 3G and Supplementary
Fig. S4F), whereas SHP-1(C453S) had no inhibitory activity
(Supplementary Fig. S4G). Furthermore, SHP-1 inhibited the
oligomerization of STING and the interaction between STING
and TBK1 in a dose-dependent manner (Fig. 3H, I). In contrast,
STING bound to TBK1 more efficiently in SHP-1-deficient
peritoneal macrophages (marked as me'/me”) than in peritoneal
macrophages from wild-type mice (Fig. 3J).

SHP-1 inhibits K63-linked ubiquitination of STING at Lys337

through dephosphorylation at Tyr162

Next, we investigated why and how SHP-1, a protein tyrosine
phosphatase, could inhibit the K63-linked ubiquitination of STING.
We hypothesized that SHP-1 may counteract tyrosine phosphor-
ylation of STING and thereby inhibit its ubiquitination. We
generated STING mutants in which each of the 17 tyrosine
residues was replaced with a phenylalanine (Y—F) residue. We
found that the specific Y126F, Y162F, Y239F, and Y313F STING
mutations caused reductions in K63-linked ubiquitination (Fig. 4A).
Overexpression of SHP-1 inhibited the K63-linked ubiquitination of
STING(WT), STING(Y126F), STING(Y239F), and STING(Y313F) but
had a minimal effect on STING(Y162F) (Fig. 4B). Similarly, SHP-1
had no effect on HSV-1-stimulated IFNB in STING-deficient
Tmem173~'~ mouse embryonic fibroblasts (MEFs) transfected
with STING(Y162F) or IFN-B luciferase activity in HEK293T cells
expressing STING(Y162F) (Fig. 4C, D). Next, we generated a
polyclonal antibody against pTyr162-STING and demonstrated
that SHP-1 inhibited the HSV-1-induced phosphorylation of STING
at Tyr162 (Fig. 4E).

To further confirm this mechanism, we generated STING mutants in
which all of the lysine residues (except for those in the transmem-
brane domain) were replaced with arginine residues (K—R) with one
exception [39, 40]. Most of the mutants exhibited nearly a complete
loss of K63-linked ubiquitination, except for those with K83, K150,
K235, and K337 mutations (each containing only one lysine) (Fig. 4F).
Furthermore, overexpression of SHP-1 inhibited the ubiquitination of
K337 but had no impact on the ubiquitination of K83, K150, or K235
(Fig. 4F). Interestingly, the single K337R mutation (in which only K337
was mutated) blocked the oligomerization of STING (Fig. 4G). SHP-1
was unable to suppress HSV-1-stimulated IFNB expression in
Tmem173~/~ MEFs transfected with K337R, nor did it have any
effect on IFN-B luciferase activity in HEK293T cells expressing K337R
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Fig. 2 Vif interacts with SHP-1 to inhibit the immune response. A, B Immunoassay of HEK293T cell lysates expressing various vectors and
treated with pervanadate. C Direct binding of GST-Vif with His-SHP-1. D The binding of GST-Vif with endogenous SHP-1 from THP-1 cells.
E Confocal imaging of Hela cells transfected with Flag-SHP-1 and infected with HIV-1. F Endogenous interaction of Vif and SHP-1 in HIV-1-
infected THP-1 cells. G Immunoassay of lysates from HEK293T cells expressing various vectors. H Impact of SHP-1 shRNA in MDMs. | IFNB,
CXCL10, ISG15, and TNF mRNA levels in MDMs transfected with SHP-1 or control shRNA and infected with HIV-1 or HIV-1AVif for 24 h (n = 3).
The data are representative of at least three independent experiments. The data are the means + SEMs. ***P < 0.001 (two-tailed unpaired

Student’s t test)

(Fig. 4H, 1). These results indicate that SHP-1 inhibits the K63-linked
ubiquitination of STING specifically at Lys337.

To determine the relationship between Tyr162 and Lys337, Tyr162
was replaced with phenylalanine (Y—F) in the K150, K235, and K337
mutants. The results indicated that Y162F conversion dramatically
reduced K63-linked ubiquitination at K337 but had no effect on K150
or K235 (Fig. 4J). These results indicate that SHP-1 inhibits the K63-
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linked ubiquitination of STING at Lys337 by dephosphorylating STING
at Tyr162.

Vif facilitates the inhibitory effect of SHP-1 on STING
activation

We subsequently investigated the regulatory relationship of the
Vif-SHP-1-STING complex. We found that Vif not only promoted
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Fig. 3 SHP-1 interacts with STING to inhibit the activation of STING. Luciferase assay of IFN-f (A)

and ISRE (B) activation in HEK293T cells

expressing various vectors (n = 3). C, D Immunoassay of lysates of HEK293T cells expressing various vectors. E Direct binding of GST-STING to
His-SHP-1 (left) or to endogenous SHP-1 from peritoneal macrophages (right). F-1 Inmunoassay of lysates of HEK293T cells expressing various
vectors. J Immunoassay of lysates of peritoneal macrophages from WT or me“/me" mice infected with HSV-1. The data are representative of at
least three independent experiments. The data are the means + SEMs. **P < 0.01 (two-tailed unpaired Student’s t test)

the recruitment of SHP-1 to STING in HEK293T cells (Fig. 5A) but
also enhanced the interaction between endogenous SHP-1 and
STING in HIV-T-infected THP-1 cells (Fig. 5B). In addition,
overexpression of Vif enhanced SHP-1-mediated inhibition of
STING phosphorylation (Supplementary Fig. S5A) and total and
K63-linked ubiquitination (Supplementary Fig. S5B and Fig. 5C) but
had no effect on K48-linked ubiquitination (Supplementary
Fig. S5C). Similarly, Vif facilitated SHP-1-mediated inhibition of
STING oligomerization and the interaction between STING and
TBK1 (Fig. 5D, E), resulting in further inhibition of STING-induced
IFN-B and ISRE luciferase activity (Fig. 5F, G). Conversely, knock-
down of SHP-1 with shRNA resulted in increased Tyr162
phosphorylation (Fig. 5H), K63-linked ubiquitination (Fig. 5I), and
oligomerization (Fig. 5J) of STING in response to HIV-1 infection. In
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contrast, we observed no significant differences in THP-1 cells
infected with HIV-1AVif, irrespective of whether SHP-1 was
knocked down. Furthermore, overexpression of Vif significantly
decreased IFNB, CXCL10, ISG15, and TNF expression upon SHP-1
inhibition (Fig. 5K). These results indicate that Vif facilitates SHP-1-
mediated inhibition.

ITIM phosphorylation is required for immune inhibition

To determine whether the tyrosine phosphorylation of the ITIM is
required for the interaction between Vif and SHP-1, we generated
HA-Vif or GST-Vif mutants, in which the Tyr147 residue of the ITIM
was replaced with a phenylalanine residue (Fig. 6A). Using a Co-IP
assay, we observed that the ITIM mutation abolished the
interaction between Vif and SHP-1 (Fig. 6B). Furthermore, we
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Fig. 4 SHP-1 inhibits K63-linked ubiquitination of STING at Lys337 by dephosphorylating STING at Tyr162. A, B Immunoassay of HEK293T cell
lysates expressing various vectors. C IFNB mRNA levels in STING-deficient Tmem173~/~ MEFs transfected with WT, Y162F, or Y239F mutants of
STING together with control or SHP-1 and then infected with HSV-1 for 12 h (n = 3). D Luciferase assay of IFN-p activation in HEK293T cells
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found that mutant Vif(Y147F) was neither phosphorylated nor HIV-1 Vif(Y147F)-infected MDMs than in MDMs infected with HIV-1
capable of interacting with His—-SHP-1 or endogenous SHP-1 using (Fig. 6F). Moreover, viral replication in HIV-1 Vif(Y147F)-infected
THP-1 cells in GST pulldown assays (Fig. 6C). cells was lower than that in cells infected with HIV-1 (Fig. 6G).

Although Vif(Y147F) was detected in HIV-1 Vif(Y147F)-infected Mechanistically, compared with WT Vif, the ITIM mutant of Vif was
cells, it lost the ability to inhibit cytokine production and signal not able to inhibit phosphorylation at Tyr162 (Fig. 6H), K63-linked
transduction in MDMs (Fig. 6D, E). Similarly, increased cytokine ubiquitination (Fig. 6l), or oligomerization (Fig. 6J) of STING.
production was observed in HIV-1 Vif(Y147F)-infected THP-1 cells Furthermore, overexpression of Vif(Y147F) in THP-1 cells resulted
compared with HIV-1-infected cells (Supplementary Fig. S6A). in the inability to inhibit HSV-1-induced expression of IFNB,
Accordingly, the IFN-B and TNF protein levels were also higher in CXCL10, I1SG15, and TNF mRNA (Supplementary Fig. S6B, C). The
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Fig. 5 Vif facilitates SHP-1-mediated inhibition of STING. A Immunoassay of lysates of HEK293T cells expressing various vectors. B Endogenous
interaction of SHP-1 and STING in THP-1 cells infected with HIV-1 or HIV-1AVif. C-E Immunoassay of lysates from HEK293T cells expressing
various vectors. Luciferase assays of IFN-f (F) and ISRE (G) activation in HEK293T cells expressing the indicated vectors (n = 3). H Inmunoassay
of lysates of MDMs transfected with SHP-1 or control shRNA and infected with HIV-1 or HIV-1AVif. I Immunoassay of lysates of THP-1 cells
transfected with SHP-1 or control shRNA and infected with HIV-1 or HIV-1AVif. J Immunoblot (native PAGE) demonstrating STING dimerization
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ITIM phosphorylation is required for the Vif-SHP-1 interaction and cytokine inhibition. A ITIM

0.001 (two-tailed unpaired Student’s t test)
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viral load of HSV-1 was decreased to baseline in Vif(Y147F)-
overexpressing THP-1 cells (Supplementary Fig. S6D). Taken
together, the findings indicate that ITIM phosphorylation of Vif
is essential for Vif—-SHP-1 interaction and cytokine inhibition.

FRK is responsible for phosphorylating the ITIM of Vif during
HIV-1 infection

The tyrosine in the ITIM is normally phosphorylated by SRC-family
kinases. To determine whether the ITIM of Vif was phosphorylated
by a host tyrosine kinase, we transfected HEK293T cells with Vif in
conjunction with six SRC-family tyrosine kinases, namely, BLK, FRK,
FYN, LCK, LYN, and SRC, and performed a Co-IP experiment. The
results indicated that FRK was the only kinase that interacted with
Vif and promoted its tyrosine phosphorylation (Fig. 7A). In
addition, HIV-1 infection enhanced the interaction between Vif
and FRK as well as the tyrosine phosphorylation of Vif (Fig. 7B). In
contrast, FRK interacted with Vif(Y147F), but no phosphorylation
was observed (Fig. 7C, D). Furthermore, FRK facilitated the
recruitment of Vif to SHP-1 in a dose-dependent manner in the
absence of pervanadate (Fig. 7E). These results indicate that FRK is
responsible for phosphorylating the ITIM of Vif.

We next investigated whether FRK mediates Vif inhibition. We
transfected THP-1 cells with shRNA and found that FRK-specific
shRNA decreased the expression of FRK (Fig. 7F). The knockdown
of FRK resulted in significantly increased expression of IFNB,
CXCL10, ISG15, and TNF mRNA (Fig. 7G); elevated phosphorylation
of TBK1, IRF3, p65, p38, and Erk (Fig. 7H); and decreased viral
replication in response to HIV-1 infection (Fig. 71). In contrast, there
were no significant differences in THP-1 cells infected with HIV-
1AVif, regardless of whether FRK was knocked down.

As FRK signaling can be inhibited by D-65495 [41], we
hypothesized that Vif-mediated inhibition may be blocked by
D-65495. Our results indicated that treatment with D-65495
resulted in significantly elevated phosphorylation of IRF3, TBK1,
p65, p38, and Erk (Fig. 7J), as well as IFNB, CXCL10, ISG15, and TNF
(Fig. 7K), in HIV-T-infected THP-1 cells, whereas no differences
were observed in HIV-1AVif-infected cells, regardless of the
D-65495 treatment. These results suggest that FRK is a critical
kinase that mediates the inhibition of cytokine production by Vif
during HIV-1 infection.

DISCUSSION

HIV-1 activates antiviral innate immune responses through its
interactions with PRRs, including TLRs and DNA sensors, to induce
the production of type | IFNs and proinflammatory cytokines. To
the best of our knowledge, the role of Vif has not been fully
elucidated in this process. In the present study, we found that Vif
is phosphorylated by host FRK and then interacts with SHP-1 in an
ITIM-dependent manner. Activated SHP-1 inhibits the K63-linked
ubiquitination of STING at Lys337 by dephosphorylating STING at
Tyr162, which subsequently inhibits STING oligomerization, TBK1
recruitment, and type | IFN production. Collectively, this is an
effective means by which HIV-1 evades the antiviral innate
immune response and attains symbiosis (Fig. S7).

During HIV-1 infection, the ITIM of Vif may be continuously
phosphorylated by activated FRK to recruit SHP-1, which causes
subsequent inhibition of STING activation. The FRK inhibitor
D-65495 blocks Vif-mediated immune evasion and promotes the
activation of IFN-B signaling. We have further demonstrated that
the specific inhibition of FRK abolishes Vif-mediated inhibition of
IFN-B and cytokine production, which facilitates virus clearance
and further supports the identification of FRK as a critical kinase
for inhibition of IFN-B and cytokine production by Vif.

As a rapidly emerging focus for understanding virus-induced
innate immune signaling pathways, the cGAS-STING pathway is
essential for the host immune response triggered by microbial
DNAs, including the Y-form c¢DNA of HIV-1. Numerous DNA
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sensors, such as cGAS and IFI16, initiate signaling pathways that
ultimately converge on STING, indicating the central position of
STING in the antiviral immune response. However, the regulatory
mechanisms underlying STING-mediated signaling have not been
fully elucidated. By screening the 17 tyrosine residues and 9 lysine
residues of STING, we identified Tyr162 phosphorylation and
Lys337 ubiquitination as essential elements underlying STING
activation. Moreover, we found that mutation of Tyr162 drama-
tically decreased the K63-linked ubiquitination of STING at Lys337.
Our results indicate that Vif may recruit SHP-1 to inhibit the K63-
linked ubiquitination of STING at Lys337 by dephosphorylating
Tyr162, which ultimately inhibits IFN-B production. Other viruses,
such as HSV-1, also induced the phosphorylation of STING at
Tyr162, which was inhibited by SHP-1 (Fig. 4E). This suggests that
this regulatory mechanism is a common strategy employed by
viruses to interfere with the host immune response.

APOBEC3G potently inhibits HIV-1 replication by deaminating
cytidine in viral DNA intermediates [42, 43]. However, Vif can
degrade APOBEC3G and thereby promote viral replication in
nonpermissive cells, including CD4" T cells and MDMs [25, 26]. In
contrast, permissive cells, such as HEK293T cells, do not express
APOBEC3G. Thus, Vif has no effect on the replication
and infectivity of HIV-1 in these cells [44]. In the present study,
HIV-1 or HIV-1AVif pseudoviruses were collected at equivalent
concentrations from the supernatants of APOBEC3G-deficient
HEK293T cells transfected with VSV-G-pseudotyped NL4.3-Aenv
vector (an env-deficient single-round clone) and pCL-VSVG. HIV-1
or HIV-1AVif single-round pseudoviruses do not proliferate in
MDMs or THP-1 cells due to the absence of the Env gene. Thus,
any impact of Vif on HIV-1 replication via APOBEC3G was ruled out
in our study.

Although HIV primarily infects CD4" T cells, it can also infect
macrophages and dendritic cells without triggering a strong
innate immune response [7, 45]. The absence of a rigorous innate
immune response to HIV-1 in dendritic cells is a major factor that
limits a productive T-cell response [46]. Furthermore, HIV-1
exploits numerous negative regulators, such as SHP-1, to restrict
the host innate immune response. In most cases, SHP-1 inhibits
the activation of NF-kB and MAP kinases via direct depho-
sphorylation [47, 48]. In our study, we found that SHP-1 inhibited
type | IFN production, which was dominantly induced by
CcGAS-STING during HIV-1 infection, as cDNA is more effective in
eliciting type | IFN production than RNA in the context of HIV-1
infection [7]. The interplay between the NF-kB and type | IFN
signaling pathways coordinately modulates antiviral innate
immune responses [49]. During HIV-1 infection, the interaction
between the glycoprotein gp41 and TAK1 results in the
phosphorylation of IkB and the translocation of NF-kB to the cell
nucleus, which ultimately leads to the production of proinflam-
matory cytokines [50]. In our experiments, we found that HIV-1 Vif
inhibited both the NF-kB and type | IFN signaling pathways, which
modulated HIV-1 replication and mediated immune evasion.

The ITIM " LQYLAL'*° element overlaps with Vif's BC-box motif
(residues 144-155), which interacts with the E3 ubiquitin ligase
components EloginB/EloginC with high affinity to form the
Vif-CBF-b-CUL5-ELOB-ELOC complex. We are curious whether
the interaction of Vif and SHP-1 affects this complex assembly.
Previous publications have reported that Vif residues V142, L145,
L148, A149, A152, and L153 in the BC box create a hydrophobic
face that interacts with EloC [51, 52]. Interestingly, the polar
residue Y147 is located on the opposite side of the hydrophobic
face, which makes it possible that SHP-1 binds with Vif [53]
(Fig. S8A, B). Theoretically, increased polarity of Y147 due to
phosphorylation is beneficial for hydrophobic face formation.
Indeed, our data demonstrated that SHP-1 significantly enhanced
the binding of Vif to EloginB and EloginC, while EloginB/EloginC
promoted the interaction between Vif and SHP-1 in the presence
of pervanadate (Fig. S8C-F). In contrast, the ITIM mutation Y147F
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Fig. 7 FRK phosphorylates the ITIM of Vif to suppress cytokine production. A Immunoassay of lysates of HEK293T cells expressing various vectors.
B Immunoassay of lysates of HEK293T cells transfected with the indicated vectors and infected with HIV-1. C Immunoassay of lysates of
HEK293T cells. D Immunoblot of the in vitro kinase assay performed with purified GST, GST-Vif(Y147F), or GST-Vif and Myc-FRK. E Immunoassay of
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cells transfected with FRK or control shRNA and infected with HIV-1 or HIV-1AVif (n = 3). H Immunoblot of lysates from THP-1 cells treated as in
G. | Tat-Rev mRNA expression in THP-1 cells transfected with FRK or control shRNA and infected with HIV-1 or HIV-1AVif for 24h (n=3).
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decreased the ability of the ITIM to bind with EloginB and EloginC
(Fig. S8G, H). We speculate that phosphorylation of Y147 is critical
for Vif-dependent APOBEC3G degradation via recruitment of SHP-
1. Consequently, Vif recruits SHP-1 not only to inhibit STING
activation but also to enhance Vif-dependent APOBEC3G degra-
dation during HIV-1 infection in APOBEC3G + cells. The synergistic
effect of Vif greatly increases HIV-1 infectivity. On the other hand,
SHP-1-mediated inhibition of Vif in the cGAS-STING pathway is
effective for immune inhibition in the absence of APOBEC3G.

In summary, we have demonstrated that Vif recruits SHP-1 and
results in the decreased production of type | IFNs through its
interactions with STING. In addition, SHP-1-mediated depho-
sphorylation at Tyr162 results in the inhibition of K63-linked
ubiquitination of STING at Lys337. Overall, our results reveal a
completely novel mechanism whereby an ITIM-containing HIV-1-
encoded protein inhibits the posttranslational modification of
STING. Moreover, our finding that STING phosphorylation reg-
ulates STING ubiquitination may represent a common strategy
employed by viruses to modulate type | IFNs. Finally, we
discovered that FRK phosphorylates the ITIM of Vif and thereby
promotes its interactions with SHP-1. In contrast, the FRK inhibitor
D-65495 counteracts Vif-mediated immune evasion. Our study
sheds light on a previously undiscovered mechanism of immune
evasion by HIV-1 and raises the possibility of developing
therapeutic strategies for HIV-1 infection based on Vif.
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