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The Journal of Immunology

Tupaia GBP1 Interacts with STING to Initiate Autophagy
and Restrict Herpes Simplex Virus Type 1 Infection

Tianle Gu,*"* Dandan Yu,*%%! Ling Xu,®%%! Yu-Lin Yao,** and Yong-Gang Yao# 5Tl

Stimulator of IFN genes (STING) is a key molecule that binds to cyclic dinucleotides produced by the cyclic GMP-AMP synthase
to activate IFN expression and autophagy in the fight against microbial infection. The regulation of STING in the activation of
IFN expression has been extensively reported, whereas the regulation of STING in the initiation of autophagy is still insufficiently
determined. IFN-inducible guanylate-binding proteins (GBPs) are central to the cell-autonomous immunity in defending a host
against viral, bacterial, and protozoan infections. In this study using the Chinese tree shrew (Tupaia belangeri chinensis), which is
genetically close to primates, we found that Tupaia GBP1 (tGBP1) combines with Tupaia STING (tSTING), promotes autophagy,
and moderately inhibits HSV type 1 (HSV-1) infection. The antiviral effects of tGBP1 are IFN independent. Mechanistically,
tGBP1 interacted with tSTING, Tupaia sequestosome 1, and Tupaia microtubule associated protein 1 L chain 3, forming a
complex which promotes autophagy in response to HSV-1 infection. This function of tGBP1 against HSV-1 infection was lost in
tSTING knockout cells. Overexpression of either tSTING or its mutant tSTING-ACTT that can only activate autophagy rescued
the anti-HSV-1 activity of tGBP1 in tSTING knockout cells. Our study not only elucidated the underlying mechanism of tGBP1
antiviral activity against HSV-1 infection, but also uncovered the regulation of tSTING in the initiation of autophagy in response

to HSV-1 infection.

he innate immune response provides a host with a robust

first line of defense against viral infections (1). This relies

on pattern recognition receptors to detect viral invasion,
which in turn leads to the production of type I IFNs (2). Cytoplas-
mic RNAs derived from the viral genome or its replication inter-
mediates are mainly recognized by retinoic acid inducible gene I
(RIG-)-like receptors including RIG-I, melanoma differentiation-
associated protein 5 (MDAS), and laboratory of genetics and physi-
ology 2 (3). The appearance of pathogen-derived DNA (such as
viral DNA) or self-DNA from genomic DNA damage in the cyto-
plasm of mammalian cells is detected by the enzyme cyclic GMP-
AMP synthase (cGAS) that catalyzes the formation of 2’,3'-cyclic
GMP-AMP (cGAMP) (4). cGAMP functions as a second messenger
that directly binds to the endoplasmic reticulum (ER)-anchored
adaptor protein stimulator of IFN genes (STING) for activation. The
activated STING then moves from the ER to the ER-Golgi interme-
diate compartments and the Golgi apparatus (5, 6), where it recruits
TANK-binding kinase 1 and IFN regulatory factor 3 by C-terminal
tail (CTT) domain, leading to the production of type I IFNs (7, 8).
Meanwhile, STING-containing ER-Golgi intermediate compart-
ments serve as a membrane source for microtubule-associated pro-
tein 1 L chain 3 (LC3) lipidation and STING binds to sequestosome
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1 (SQSTMI) or LC3 to initiate autophagy, which is important for
the clearance of DNA and viruses in the cytosol (9, 10). STING in
Nematostella vectensis does not contain the CTT domain, which
resembles STING-ACTT, and maintains the ability to induce
autophagy but not IFNs in response to cGAMP, suggesting that
autophagy induction is STING’s primordial function (10). The
mechanism and regulation of STING in inducing the expression of
IFNs have been extensively reported (11), whereas the regulation of
STING in activating autophagy is still not sufficiently determined in
different species.

Guanylate-binding protein (GBP)1 belongs to the GBP fam-
ily, which is induced by IFNs and many other inflammatory
cytokines such as TNF-a and IL-1p (12-15). These proteins
share a common domain architecture consisting of a globular
N-terminal GTPase domain and a C-terminal helical domain
(CTD) that allow protein—protein or protein—lipid interactions
(16). GBP1 has been shown to be an important mediator of host
defense against bacterial pathogens and parasites via oligomeri-
zation on pathogen-containing membrane-bound compartments
and prompting an array of antimicrobial activities (17), includ-
ing the production of radical oxygen species by corecruited oxi-
dases (18), the fusion of pathogen-containing membrane-bound
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compartments with degradative lysosomes (19), their encapsula-
tion within autophagosome-like structures (20), and the lytic
disintegration of microbe-containing compartments (21, 22).
Most recently, GBP1 was reported to act as a cytosolic LPS
sensor and assemble a platform for caspase-4 recruitment and
activation at LPS-containing membranes as the first step of non-
canonical inflammasome signaling in human epithelial cells
(23). GBP1 is also involved in the host innate immune response
to viral infections (17). Overexpression of GBP1 inhibits the
replication of the vesicular stomatitis virus (VSV) (24, 25),
the encephalomyocarditis virus (24), the hepatitis C virus (26),
the Kaposi’s sarcoma-associated herpesvirus (KSHV) (27),
and the classical swine fever virus (28). Although the antiviral
function of GBP1 to KSHV infection was reported to involve
the disruption of the F-actin—formed cytoskeleton, the mecha-
nism of the antiviral activity of GBP1 against the other viruses
has not been sufficiently examined (28).

We have previously identified five GBP genes (tGBPI, tGBP2,
tGBP4, tGBP5, and tGBP7) in the Chinese tree shrew (29), a small
mammal genetically close to primates (30, 31), which has proved to
be a particularly good model for the study of infectious diseases
(32-36) and other diseases (37, 38). By using this model, we found
that Tupaia GBP1 (tGBP1) can control the infection of VSV and
HSV type 1 (HSV-1) in tree shrew primary renal cells (TSPRCs)
(29). We also demonstrated that tGBP1 exerts an anti-VSV function
by competing with the VSV nucleocapsid protein in binding to the
VSV phosphoprotein, leading to repression of the primary transcrip-
tion of the VSV genome (25). However, the mechanism of antiviral
function of tGBP1 in response to HSV-1 infection remained unclear.

Here, we report the underlying mechanism of tGBP1 antiviral
activity against HSV-1 infection. We identified tGBP1 as an impor-
tant mediator for Tupaia STING (tSTING) to induce autophagy in
response to HSV-1 infection. However, unlike the human form of
STING which interacts directly with SQSTM1 and LC3 to initiate
autophagy (9, 39), tSTING does not bind to Tupaia SQSTMI1
(tSQSTM1) or Tupaia LC3 (tLC3). Instead, tGBP1 interacts with
tSTING, tSQSTMI, and tLC3 to act as a scaffold for tSTING,
tSQSTM1, and tLC3 interaction and promote autophagy in response
to HSV-1 infection.

Materials and Methods

Experimental animals and cells

The Chinese tree shrews were purchased from the experimental animal core
facility of Kunming Institute of Zoology, Chinese Academy of Sciences.
After euthanasia, TSPRCs were isolated from tree shrew renal (TSR) tissue
according to the method of enzyme assisted dissection, as described in our
previous study (40, 41). This study was approved by the Institutional Animal
Care and Use Committee of Kunming Institute of Zoology.

The TSR cell line (TSR6) was established in our previous study (42). It
was immortalized from TSPRCs by using SV40 large T Ag transduction
(42). TSR6 cells with tGBP1 knockout (TSR6-tGBP1-KO (29)) and tSTING
knockout (TSR6-tSTING-KO (43)) were established in our previous studies
using the CRISPR/Cas9 gene editing method (44). HEK293T cells were
obtained from the Kunming Cell Bank, Kunming Institute of Zoology. Cells
were cultured at 37°C in 5% CO, with DMEM (11965-092; Life Technolo-
gies-BRL) supplemented with 10% FBS (10099-141; Life Technologies-
BRL) and 1 x penicillin/streptomycin (10378016; Life Technologies-BRL).

Reagents, Abs, and plasmids

Restriction enzymes BamHI, Xho 1, and T4 DNA ligase (Thermo Fisher Sci-
entific) were used in this study. We used the following Abs: mouse mono-
clonal anti-Flag (M20008; Abmart), mouse monoclonal anti-B-actin
(E1C602-2; EnoGene), mouse monoclonal anti-Myc (MA1-21316-1MG;
Invitrogen), rabbit monoclonal anti-Myc (18583; Cell Signaling Technology),
rabbit monoclonal anti-SQSTM1/P62 (8025T; Cell Signaling Technology),
rabbit monoclonal anti-LC3B (3868S; Cell Signaling Technology), mouse
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monoclonal anti-GBP1 (67161-1-lg; proteintech) and rabbit monoclonal anti-
STING (13647; Cell Signaling Technology).

Expression vectors for Tupaia MDAS (tMDAS) (pCMV-HA-tMDAS)
(45), Tupaia mitochondrial antiviral signaling protein (tMAVS) (pCMV-HA-
tMAVS) (45), tSTING (pCS-Myc-tSTING) (43), and tGBP1 (pCMV-tGBP1-
3Tag-8) (29) were constructed in our previous studies. We created two
plasmids encoding truncated tGBP1 mutants, tGBP1-GTPase (pCMV-tGBP1-
GTPase-3Tag-8) and tGBP1-CTD (pCMV-tGBP1-CTD-3Tag-8), by subclon-
ing from the pCMV-tGBP1-3Tag-8. The pCMV-3Tag-8 expression vector for
tSTING and pCS-Myc-N expression vectors for different tSTING domains
(tSTING-transmembrane [TM] [pCS-Myc-N-tSTING-TM], tSTING-cyclic
GAMP-binding domain [CBD] [pCS-Myc-N-tSTING-CBD], and tSTING-
ACTT [pCS-Myc-N-tSTING-ACTT]) were subcloned from pCS-MyctSTING.
The pCS-Myc-N expression vector for tMDAS5 was subcloned from pCMV-
HA-tMDAS. The tSQSTM1 (pCS-Myc-N-tSQSTM1) and tLC3B (pCS-Myc-
N-tLC3B) constructs were generated using gene-specific primer pairs and were
cloned into pCS2-N-Myc vector. Primers used in this study are listed in
Supplemental Table I. All constructs were verified by sequencing.

Viral infection

HSV-1 strain 17+ (simplified to just HSV-1) was amplified as in our previ-
ous studies (29, 43). HSV-1 with a GFP tag (HSV-1-GFP) was obtained
from Prof. Jumin Zhou’s laboratory at Kunming Institute of Zoology. For
viral infection, cells seeded in a 24-well (5 x 10* per well) or 6-well plate
(2 x 10° per well) were washed three times with PBS (pH 7.4), incubated
with HSV-1 or HSV-1-GFP (multiplicity of infection [MOI] = 1) for 1 h in
DMEM without FBS, and then rinsed and cultured in fresh growth medium
containing 1% FBS until harvest.

RNA isolation and quantitative RT-PCR

Total RNA was extracted by using RNAsimple Total RNA Kit (DP419;
Tiangen) according to the manufacturer’s instructions. The cDNA was syn-
thesized by using M-MLV reverse transcriptase with random primer
(M1701; Promega). Quantitative RT-PCR was performed using iTaq Univer-
sal SYBR Green Supermix (1725124; Bio-Rad, USA) supplemented with
gene-specific primers (Supplemental Table I) on a CFX Connect Real-Time
System (Bio-Rad), as described in our previous studies (41, 46). We serially
diluted the PCR product to achieve the 107>~10~'° dilutions for generating
the standard curves. Ct values were measured with the respective standard
curves. The tree shrew housekeeping gene (-actin was used as the reference
gene for normalization.

Transfection, luciferase reporter assay, immunoprecipitation, and
Western blotting

TSPRCs and TSR6 cells were transfected with Lipo3000 (L300015; Thermo
Fisher Scientific), and HEK293T cells were transfected with X-tremeGENE
HP (Roche, 06366546001) according to the manufacturer’s instructions.

For luciferase reporter assay, TSPRCs were seeded in a 24-well plate and
cultured overnight. Cells were transiently transfected with 100 ng of the
luciferase reporter vector (ISRE-Luc and NF-kB-Luc that were reported in
our previous studies (41)) and 10 ng pRL-SV40-Renilla, together with 400
ng expression vector (empty vector, vector; pPCMV-tGBP1-3Tag-8, tGBP1;
pCS-Myc-tSTING, tSTING). Cells were harvested at 24 h posttransfection
for measuring luciferase activity using the Dual-Luciferase Reporter Assay
System (E1960; Promega) on a Luminoskan Ascent instrument (Thermo
Fisher Scientific).

For Western blotting, cells were lysed with RIPA lysis buffer (P0013;
Beyotime) on ice and centrifuged at 12,000 x g for 10 min at 4°C to remove
cell debris. The protein concentration was determined using the BCA protein
assay kit (P0012; Beyotime). A total of 20 pg protein was separated with a
12% or 15% (vol/vol) SDS-polyacrylamide gel and electrophoretically trans-
ferred onto a polyvinylidene difluoride membrane (L1620177; Bio-Rad).
Membranes were blocked with 5% (wt/vol) BSA in TBS supplemented with
0.1% Tween 20 (TBST) (#9997; Cell Signaling Technology) for 2 h at room
temperature, then were incubated with respective primary Ab against Myc
(1:5000), Flag (1:5000), SQSTM1 (1:1000), LC3B (1:1000), or B-actin
(1:10,000) overnight at 4°C. After three washes with TBST (each 5 min),
the membranes were incubated for 1 h with anti-mouse or anti-rabbit second-
ary Ab (1:10,000; KPL, USA; depends on the first Ab) at room temperature.
The epitope was visualized by using an ECL Western blotting detection kit
(WBKLSO0500; Millipore).

For immunoprecipitation, appropriate Abs were incubated with protein G
agarose beads (15920010; Life Technologies) to form a complex for 2 h at
room temperature. Cells were lysed with RIPA lysis buffer on ice for 1 h,
followed by a centrifugation at 12,000 x g for 10 min at 4°C. Five percent
of the cell lysate was taken as the input, and the remaining lysate was incu-
bated with the Ab protein G (10004D; Invitrogen) beads complex overnight
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at 4°C. After four washes with RIPA lysis buffer, the immunoprecipitants
were separated by SDS-PAGE and analyzed by immunoblotting.

Immunofluorescence

TSPRCs were seeded in a chamber slide (154526; Thermo Fisher Scientific)
overnight and transfected with the indicated vectors. At 24 h posttransfec-
tion, cells were washed three times with PBS and fixed by 4% paraformalde-
hyde. After having been permeated with 0.2% Triton X-100 for 15 min and
three washes (each 5 min) with PBS, cells were incubated with the primary
Abs against Flag and Myc overnight at 4°C, respectively. After another
round of three washes with PBS, cells were incubated with the secondary
Ab for 1 h at room temperature. Nuclei were stained by DAPI
(10236276001; Roche). Intact cells were imaged using a FluoView 1000
confocal microscope (Olympus).

Statistical analysis

Statistical analysis was determined using the unpaired Student 7 test (compar-
ison of two groups) or ANOVA (comparison of multiple groups) with Prism
software (GraphPad). Unless otherwise noted, all results are representatives
of at least three independent experiments, each with at least two biological
replicates. Data were represented as mean + SD.

Results
tGBP1 interacts with tSTING

We have previously reported that overexpression of tGBP1 inhibits
VSV and HSV-1 replication in TSPRCs (29). In order to understand
the mechanism of the antiviral function of tGBP1, we performed
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coimmunoprecipitation screening to find out whether tGBP1 may
interact with the immune factors tMDAS5, tMAVS, and tSTING.
Tupaia oligoadenylate synthetases-like 1 (tOASL1) was used as a
positive control as it has been shown to interact with tMDAS,
tMAYVS, and tSTING in our previous study (45). tGBP1 specifically
coimmunoprecipitated with tSTING but not with tMDAS or tMAVS
(Fig. 1A and 1B). HSV-1 infection did not affect the interaction
between tGBP1 and tSTING (Fig. 1B). We also observed an inter-
action between endogenous tGBP1 and tSTING (Fig. 1C). However,
tGBP1 did not interact with tSTING-mini, an alternative splicing
variant of tSTING that was reported in our previous study (43) (Fig.
1D). tSTING-mini contained the first three TM domains and the
incomplete fourth TM domain of tSTING, and is critical for RNA
virus-induced antiviral signaling transduction (43). Consistent with
coimmunoprecipitation results, the overexpressed tGBP1 was colo-
calized with tSTING in TSPRCs (Fig. 1E). These results collec-
tively demonstrated that tGBP1 interacts with tSTING.

The CBD of tSTING mediates the interaction between tGBPI and
tSTING

tGBP1 contains a globular N-terminal GTPase domain and a CTD.
As mentioned earlier, tSTING contains three domains: the TM
domain, the CBD, and the CTT domain. We generated tGBP1 and
tSTING truncated mutants to map the domain(s) of tGBP1 or of
tSTING responsible for their interaction. Although both GTPase
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FIGURE 1.

tGBP1 interacts with tSTING. (A) tGBPI interacted with tSTING but not with tDMAS or tMAVS. HEK293T cells were transfected with

expression vector Flag-tGBP1, together with expression vector HA-tMDAS, HA-tMAVS, or Myc-tSTING. Expression vector Flag-tOASL1 was used as a
positive control. Immunoprecipitation (IP, with anti-Flag) was performed at 24 h posttransfection and the immunoprecipitate was subjected to immunoblot
(IB) analysis. (B) HSV-1 infection had no apparent effect on the interaction between tGBP1 and tSTING. HEK293T cells were cotransfected with expression
vectors Flag-tGBP1 and Myc-tSTING, and infected with HSV-1 (MOI = 1) at 12 h posttransfection. IP (with anti-Flag) and IB were performed at 12 h post-
infection to analyze the interaction between tGBP1 and tSTING. (C) Interaction between endogenous tGBP1 and tSTING. TSPRCs were infected with or
without HSV-1 (MOI = 1) for 12 h. The interaction between endogenous tGBP1 and tSTING was analyzed by IP (with anti-STING) and IB. (D) No interac-
tion between tGBP1 and tSTING-mini. HEK293T cells were cotransfected with expression vectors Flag-tGBP1 and Myc-tSTING-mini, then were infected
with HSV-1 (MOI = 1) at 12 h posttransfection. IP and IB were performed at 12 h postinfection. (E) Colocalization of tGBP1 with tSTING in TSPRCs. Cells
were cotransfected with expression vectors Flag-tGBP1 and Myc-tSTING for 24 h. The overexpressed tGBP1 and tSTING were immunostained by using
anti-Flag (green) and anti-Myc (red). Nuclei were stained with DAPI (blue). Scale bar, 10 wm. The experiments were independently repeated three times
with similar results. Shown results are a representative experiment. WCL, whole cell lysate.
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domain and CTD of tGBP1 could interact with tSTING, the interac-
tion between GTPase and tSTING was stronger than that between
tGBP1 and tSTING, and deletion of GTPase domain (CTD) greatly
hampered the interaction between tGBP1 and tSTING (Fig. 2A).
These results indicated that the GTPase domain of tGBP1 plays a
critical role in the interaction between tGBP1 and tSTING. The
CBD of tSTING could interact with tGBP1, whereas deletion of the
TM or CTT domain did not affect the interaction between tGBP1
and tSTING (Fig. 2B). These results indicated that the CBD of
tSTING mediates the interaction between tSTING and tGBP1.

tGBP1 promotes autophagy in response to HSV-1 infection

In response to HSV-1 infection, STING induced IFN production
and autophagy to restrict the viral replication (5, 7, 10, 39). As
tGBP1 interacts with tSTING, we hypothesized that tGBP1 may
play a role in the production of IFNs or autophagy in response to
HSV-1 infection. However, overexpression of tGBP1 did not affect
the mRNA expression of #/FNBI and IFN-stimulated gene tOAS! in
response to HSV-1 infection, whereas overexpression of tSTING
significantly upregulated the mRNA expression levels of these two
genes (Fig. 3A). We further examined the effect of tGBP1 overex-
pression on the IFN signaling induced by tSTING. Luciferase
reporter assays showed that tGBP1 overexpression did not affect
ISRE-Luc and NF-«kB-Luc activation induced by tSTING (Fig. 3B).
These results suggested that tGBP1 does not affect the IFN signal-
ing induced by tSTING.

To explore the potential function of tGBP1 in autophagy induced
by STING in response to HSV-1 infection, we firstly analyzed the
tGBP1 expression pattern and autophagy upon HSV-1 infection.
Compared with control, HSV-1 infection induced tGBP1 expression
as early as 3 h in TSPRCs and TSR6 cells, and decreased it at 12 h
(Supplemental Fig. 1). The autophagy was induced by HSV-1
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infection at 6 h in TSPRCs and TSR6 cells, as manifested by the
decreased SQSTMI1 protein level and the increased ratio of LC3-1I/
LC3-I (Supplemental Fig. 1). In response to HSV-1 infection,
tGBP1 overexpression decreased the SQSTM1 protein level but ele-
vated the LC3-ILLC3-I ratio in TSPRCs (Fig. 3C, left panel),
whereas no such effect on the changes of SQSTM1 and LC3-II:
LC3-I was observed in TSR6-tGBP1-KO cells (Fig. 3C, right
panel). The abolished effect on alterations of SQSTM1 and LC3-II:
LC3-I ratio in TSR6-tGBP1-KO cells in response to HSV-1 infec-
tion could be rescued by overexpressing tGBP1 (Fig. 3D). These
results clearly indicated that tGBP1 promotes autophagy in response
to HSV-1 infection.

tGBP1 binds to tSTING, tSOQSTM1, and tLC3

It has been reported that STING induced autophagy by a direct
interaction with SQSTM1 and LC3 (9, 39) and GBPs targeted mem-
branes via the LC3-conjugation system of autophagy (20). We spec-
ulated that tGBP1 may enhance autophagy by promoting the
interaction between tSTING and tSQSTM1 or between tSTING and
tLC3. However, overexpressed tSTING did not interact with either
tSQSTM1 or tLC3, whereas the interaction between tSTING and
tMDAS described in our previous report (41) (as a positive control)
could be well confirmed (Fig. 4A), suggesting that tSTING had a
different strategy compared with human STING to interact with
tSQSTM1 and tLC3 (9, 39). We next examined the interaction
between tGBP1 and tSQSTMI1 or tLC3. Coimmunoprecipitation
assays showed that overexpressed tGBPI interacts with tSQSTMI
and tLC3 (Fig. 4B). Note that an extra band with a small m.w. was
detected for tGBPI in the tSQSTM1 immunoprecipitate, along with
the band with correct size. It may be the cleaved form of tGBP1
that should be secreted but was retained in the cytoplasm under cer-
tain conditions (47). Consistently, we could observe a colocalization
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FIGURE 3. tGBP1 promotes autophagy in response to HSV-1 infection and this effect is independent on the IFN signaling. (A) tGBP1 did not affect type
I IFN signaling in response to HSV-1 infection. TSPRCs were transiently transfected with pCMV-3Tag-8 (Vector, NC), pPCMV-tGBP1-3Tag-8 (tGBP1), and
pCMV-STING-3Tag-8 (tSTING, used as a positive control for upregulating #/FNBI and tOAS] mRNA levels upon HSV-1 infection) for 12 h, then were
infected with HSV-1 (MOI = 1) for the indicated times. The mRNA levels of #/FNB1 and tOASI were analyzed by quantitative RT-PCR. (B) Overexpression
of tGBP1 had no effect on ISRE-Luc and NF-kB-Luc reporter activation induced by tSTING. TSPRCs were cotransfected with the indicated expression vec-
tor (200 ng each), ISRE-Luc or NF-kB-Luc reporter vector (100 ng), and TK (10 ng, as an inner control) for 24 h before harvest for measuring the luciferase
reporter activity. (C) tGBP1 promoted autophagy in response to HSV-1 infection. (Left panel) TSPRCs were transfected with empty vector or expression vec-
tor of tGBP1 for 24 h and were subjected to HSV-1 (MOI = 1) infection for the indicated times before the harvest for Western blotting. (Right panel) TSR6
cells and tGBP1-KO TSR6 cells were infected with HSV-1 (MOI = 1). The protein levels of SQSTM1, LC3B, STING, and ACTB (B-actin) were analyzed
by Western blotting. (D) Re-overexpression of tGBP1 rescued autophagy in TSR6-tGBP1-KO cells induced by HSV-1 infection. Cells were seeded in 6-well
plates and transfected with the indicated plasmids for 24 h followed by HSV-1 infection. The protein levels of GBP1, SQSTM1, LC3B, and ACTB were ana-
lyzed by Western blotting. The experiments were independently repeated three times with similar results. Each experiment in (A) and (B) had three biological
repeats. Shown results are a representative experiment. Values are presented as mean = SD (n = 3 independent experiments). *p < 0.05, **p < 0.01, two-

way ANOVA. ns, not significant.

of overexpressed tGBP1 with overexpressed tSQSTM1 or tLC3
(Fig. 4C). Thus, tGBP1 might promote autophagy by mediating the
interaction between tSTING and tSQSTM1 or tLC3. In accordance
with this hypothesis, when tGBP1 and tSTING were overexpressed
together with tSQSTMI1 or tLC3, we could observe an interaction
of tGBPIASTING/tSQSTMI and of tGBP1ASTING/LC3 (Fig. 4D).
These results indicated that tGBP1 binds to tSTING, tSQSTMI, and
tLC3, and may function as a scaffold to promote autophagy in
response to HSV-1 infection.

tGBP1 restricts HSV-1 production in TSR6

As tGBP1 interacts with tSTING and promotes autophagy in
response to HSV-1 infection, we analyzed the effect of tGBP1 on
HSV-1 infection by monitoring HSV-1-GFP production in TSR6
cells. Knockout of tGBP1 significantly promoted HSV-1-GFP pro-
duction in TSR6 cells (Fig. SA-C), whereas overexpression of
tGBP1 in TSR6-tGBP1-KO cells significantly reversed the permis-
siveness of TSR6-tGBP1-KO cells for HSV-1-GFP production, and
further inhibited HSV-1-GFP production in TSR6-tGBP1-KO cells
(Fig. SA-C). These results indicated that tGBP1 restricts HSV-1
production in TSR6 cells.

We next sought to determine whether tGBP1 restricts HSV-1 pro-
duction via tSTING. Although overexpression of tGBP1 in TSR6
cells suppressed the production of HSV-1-GFP, this anti-HSV-1
effect of tGBP1 was lost in TSR6-tSTING-KO cells (Fig. SD-F).
To further confirm the essential role of tSTING for tGBP1 restrict-
ing HSV-1 production, we monitored the anti-HSV-1 activity of

tGBP1 in tSTING-rescued TSR6-tSTING-KO cells. Overexpression
of tSTING into TSRO-tSTING-KO cells recovered anti-HSV-1
capability of tGBP1 (Fig. 5G-I). In addition, overexpression of
tSTING-ACTT, a truncation of tSTING which possesses the ability
to induce autophagy but lost the type I IFN inducing activity (10),
also recovered anti-HSV-1 activity of tGBP1 in TSR6-tSTING-KO
cells (Fig. 5G-I). These results indicated that anti-HSV-1 activity of
tGBP1 is dependent on tSTING.

Discussion

cGAS and STING signalings play important roles in antiviral
responses, as both are major cytoplasmic DNA sensors (11). cGAS
detects viral infections or tissue damages by binding to microbial or
self-DNA in the cytoplasm (4). Upon binding DNA, cGAS produces
cGAMP that combines with and activates the adaptor protein
STING (4, 6). STING then activates the production of IFNs to sup-
press viral infection. There are reports showing an IFN-independent
antiviral activity of STING, in which STING mutant S365A devoid
of the IFN signaling suppressed HSV-1 infection in mice (48) and
STING-ACTT mutant (which lacks the CTT domain for the IFN
signaling) could initiate autophagy to clear DNA and pathogens in
the cytoplasm (7, 10). The mechanism and regulation of STING in
activating IFNs has been extensively reported (49, 50), whereas the
mechanism and regulation of STING in inducing autophagy are still
insufficiently determined. In this study, we found that, in the Chi-
nese tree shrew, tGBP1 directly binds to tSTING, tSQSTMI, and
tLC3 to promote autophagy in response to HSV-1 infection. The


http://www.jimmunol.org/

2678

TUPAIA GBP1 INTERACTS WITH STING

FlagtSTING + + 4+ + Flag-tGBP1 + + + Flag-tSTING + * + +
MyctMDAS + + - - MyctSQSTM1 &+ + - Flag-GBP1 + +
Myc-tSQSTM1 + - + - Myc-tLC3  + - + Myc-tSQSTM1 + +
Myc-tLC3 + - - + P 1gG aM oM kpa Myc-tLC3 = * & &
IP: Ig aM aM aM ka%a Flag-tGBP1 - 70 IP:lg aM Ig aM Ig aM IgaM p,
e | 70 Flag-GBP1 - w7
FlagtSTING 1B | Myc-tSQSTM1 - ag-t ®
et FagsTing| T e [
Myc-tLC3 lag- -— —
ig| MyctvDAs| e o0 W -
MyctsQsTM1| w70 S to 1B - = I
o g —— MycHSQSTM [ S s e e T s e 55
s /0
Myc+LC3 : 15 _, [Myc-tSQSTM1 | s-—
? £
2| wmyctcs - W b 4 =l
Myc-tMDAS
. - -100 ACTB | s s :\ N ; /-
rs5 40 170
Flag-tSTING |se s s Flag-tGBP1 — -
i 0 G 55
(é) Myc-tSQSTM1 Flag-tSTING -_—e—
Myc-LC3 =15 = 70
Y - = | MyctSQSTM1 | == -
ACTE | | & g .
@ Myc-tLC3 —_— ;_15
(3]
g ACTE | e s s s

FIGURE 4.

140

tGBP1 interacts with tSTING, tSQSTMI, and tLC3. (A) tSTING did not interact with tSQSTM1 or tLC3. HEK293T cells were cotransfected

with expression vectors Flag-tSTING, Myc-tMADS, Myc-tSQSTMI, and Myc-tLC3 for 24 h. The interactions between tSTING and tMDAS, SQSTM1, or
tLC3 were analyzed by immunoprecipitation (IP, with anti-Myc) and immunoblot (IB). (B) tGBP1 interacted with tSQSTM1 and tLC3. HEK293T cells were
transfected with expression vector Flag-tGBP1 together with expression vector Myc-tSQSTM1 or Myc-tLC3 for 24 h. The interactions between tGBP1 and
SQSTM1 or tLC3 were analyzed by IP (with anti-Myc) and IB. (C) Colocalization of tGBP1 with tSQSTM1 and tLC3 in TSPRCs. Cells were cotransfected
with expression vectors tGBP1-Flag and Myc-tSQSTM1 or tGBP1-Flag and tLC3 for 24 h. tGBP1, tSQSTM1, and tLC3 were immunostained by using anti-
Flag (green) and anti-Myc (red). Nuclei were stained with DAPI (blue). Scale bar, 10 wm. (D) tGBP1 combined with tSTING, tSQSTMI, and tLC3.
HEK293T cells were cotransfected with expression vectors Flag-tSTING and Myc-tSQSTM1 or Myc-tLC3 with or without Flag-tGBP1 for 24 h. The interac-
tions between tGBP1 and SQSTM1 or tLC3 were analyzed by IP (with anti-Myc) and IB. The experiments were independently repeated three times with sim-
ilar results. Shown results are a representative experiment. WCL, whole cell lysate.

tGBP1 protein level was decreased at late stage of HSV-1 infection
in TSPRCs and TSR6 cells (Supplemental Fig. 1), suggesting that
HSV-1 infection may degrade tGBP1 and inhibits the endogenous
interaction between tGBP1 and tSTING. More studies should be
carried out to confirm this speculation. In humans, STING induces
autophagy by directly interacting with SQSTM1 and LC3 (9, 10),
which is different from that in the Chinese tree shrew. Specifically,
we found that tGBP1 binds to tSTING and promotes autophagy, but
the interaction between tGBP1 and tSTING does not affect #/FNBI
expression in response to HSV-1 infection, which may underlie the
potential mechanism of the anti-HSV-1 activity of tGBP1. Consis-
tent with this result, the anti-HSV-1 activity of tGBP1 was lost in
TSR6-tSTING-KO cells, and overexpression of tSTING in
TSR6-tSTING-KO cells rescued this anti-HSV-1 activity of tGBP1
(Fig. 5D-I). Furthermore, overexpression of tSTING-ACTT mutant,
which possesses the ability to initiate autophagy but has no type |
IFN induction activity (10), also rescued the anti-HSV-1 activity of
tGBP1. These findings demonstrated that tGBP1 restricts HSV-1
infection by interacting with tSTING and promoting autophagy. Pre-
viously, GBP1 has been reported to restrict infection of a variety of
viruses, such as VSV (24, 25), encephalomyocarditis virus (24),
hepatitis C virus (26), classical swine fever virus (28), and KSHV
(27); our findings further broaden the antiviral spectrum and mecha-
nism of GBP1.

The host defense function of GBPs was tightly related to autoph-
agy. For example, mouse GBP1 binds to SQSTM1 and GBP7 inter-
acts with ATG4B, respectively, to deliver bacteria to larger LC3B
marked vacuoles for liberating mycobactericidal peptides (18).
Human GBP1 and GBP2 mediate the restriction of Chlamydia tra-
chomatis growth by autophagy in human macrophages (19). Most
recently, it was reported that GBPs target the replication complexes

of murine norovirus via the LC3 conjugation system necessary for
inhibiting murine norovirus replication in mice and human cells (51).
Our result provides an additional line of evidence that GBP1 controls
viral infection via autophagy, albeit the difference between human
and tree shrew.

The interaction between STING and GBP1 may be involved in
other physiological processes. Firstly, GBPs bind to and lyse cyto-
solic bacteria, prompting the spillage of bacterial DNA into the host
cell cytosol (17, 52). The interaction of GBP1 and STING may
recruit STING to the site of the infection, promoting the sensing of
bacterial DNA and c-di-GMP by STING (5) and thereby inducing
the production of IFNs and autophagy (7, 39). Secondly, GBP1
functions as a negative regulator of T cell activation (53). A recent
study showed that activation of STING leads to T cell death in an
IFN-independent manner (54). Whether this process is associated
with the interaction between tGBP1 and tSTING is also worthy of
further study.

The current study has some limitations. Firstly, most of these cel-
lular assays are conducted in the context of exogenous overexpres-
sion of tagged proteins. Secondly, we did not obtain living cellular
data to show the colocalization and formation of STING/LC3/GBP1
punctae in response to viral infection in the tree shrew cells. Thirdly,
although we had previously determined the characteristics of
tSTING (43), whether the interaction between tSTING and tGBP1
would have an impact on balancing activation of IFN regulatory fac-
tor 3—dependent and NF-kB-dependent transcriptions (55) remains
to be further determined.

In short, we found that tGBP1 has a moderate antiviral activity
against HSV-1 in a tSTING-dependent manner. The interaction
between tGBP1 and tSTING did not affect IFN signaling but pro-
moted autophagy via interaction among tGBP1, tSTING, tSQSTMI1,
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FIGURE 5. tGBP1 restricts HSV-1 replication and this anti-HSV-1 activity is dependent on tSTING. (A—C) Knockout of tGBP1 enhanced HSV-1 replica-
tion. (A) Successful knockout and rescue of tGBP1 in TSR6 cells with tGBP1 knockout (tGBP1-KO) and wild-type TSR6 cells that were transfected with
empty vector (Vector) or expression vector Flag-tGBP1 (tGBP1). (B) Flow cytometry analyses for TSR6 and tGBP1-KO cells transfected with empty vector
(TSR6-Vector and tGBP1-KO-Vector) or Flag-tGBP1 (tGBP1-KO-tGBP1) after 48 h infection with HSV-1-GFP (MOI = 1). The production of HSV-1-GFP
was quantified by detecting the GFP expression, and (C) percentage of 10,000 cells expressing GFP (GFP™ cells) were counted. (D—F) The anti-HSV-1 activ-
ity of tGBP1 was dependent on tSTING. (D) Successful overexpression or knockout of tGBP1 in TSR6 cells with tSTING knockout (tSTING-KO) and wild-
type TSR6 cells that were transfected with empty vector (Vector) or Flag-tGBP1 (tGBP1). (E) Flow cytometry analyses for cells in (D) after HSV-1-GFP
(MOI = 1) infection for 48 h, and production of HSV-1-GFP was quantified by counting (F) the percentage of 10,000 cells expressing GFP (GFP™ cells).
(G) Successful overexpression of expression vectors Myc-tSTING (tSTING) and Myc-tSTING-ACTT (tSTING-ACTT) in TSR6 cells with tSTING knockout,
and with transfection of Flag-tGBP1 (tGBP1) or empty vector (Vector). Transfected cells were infected by HSV-1-GFP (MOI = 1) for 48 h before the harvest
for Western blotting. (H and I) Production of HSV-1-GFP in cells in (G) was quantified by GFP expression using flow cytometry. Experiments were indepen-
dently repeated three times with similar results. Each experiment had two biological repeats. Shown results are a representative experiment. Values are presented
as mean = SD (n = 3 independent experiments). *p < 0.05, **p < 0.01, one-way ANOVA for (C) and two-tailed unpaired Student ¢ test for (F and I).
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Table S1 Primers used in this study

Gene Name Primer sequence (5’ - 3”) Application

tGBP1 tGBP1-GTPase F ATGCGGATCCATGGCCTCAGAGAACCACAT PCR for constructing pCMV-tGBP1-GTPase-3Tag-8
tGBP1-GTPase R ATGCCTCGAGAAGAGTTTTAACCTTGGCA using pCMV-3Tag-8 vector
tGBP1-CTD F ATGCGGATCCATGTCAGGAGGCATCAAGA PCR for constructing pCMV-tGBP1-CTD-3Tag-8 using
tGBP1-CTD R ATGCCTCGAGACTTATGACACATGTCTTCTTTGGC pCMV-3Tag-8 vector

tSQSTM1 myc-tSQSTM1 F tccggaagatctgagetcgagATGGCGTCGCTCACGGTG PCR for constructing pCS2-N-myc-tSQSTM1 using
myc-tSQSTM1 R ctatagttctagaggctcgagTCACAAGGGCGGGGGGTG pCS2-N-myc vector

tLC3B myc-tLC3B F tccggaagatctgagctcgagATGCCGTCGGAGAAGACCTT PCR for constructing pCS2-N-myc-tLC3B using
myc-tLC3B R ctatagttctagaggctcgag TTACACTGACGGTTTCCTTCCAA pCS2-N-myc vector

tSTING tSTING-3Tag-8 F agctccaccgeggtggeggeccgcATGCCCCACTCCAGCCTG PCR for constructing pCMV-tSTING-3Tag-8 using
tSTING-3Tag-8 R gtcatccttgtaatcctcgagTCAGAAGACATCCGTGCGGA pCMV-3Tag-8 vector
myc-tSTING-TM F ccggaagatctgagctcgagATGCCCCACTCCAGCCTGCAT PCR for constructing pCS2-N-myc-tSTING-TM using
myc-tSTING-TM R tatagttctagaggctcgagCTAGAAGTTCCTTTGTTCACAG pCS2-N-myc vector
myc-tSTING-CBD F ccggaagatctgagctcgagATGAATGTGGCCCACGGCTT PCR for constructing pCS2-N-myc-tSTING-CBD
myc-tSTING-CBD R tatagttctagaggctcgagTCACTCTTCCTTTTCCTCCTGC using pCS2-N-myc vector
myc-tSTING-ACTT F ccggaagatctgagctcgagATGCCCCACTCCAGCCTGCAT PCR for constructing pCS2-N-myc-tSTING-ACTT
myc-tSTING-ACTT R tatagttctagaggctcgagCTACTCTTCCTTTTCCTCCTGC using pCS2-N-myc vector

tOAS1 tOAS1 F CATCAACATCATTTCCGATT Analytical qRT-PCR for tOAS1
tOAS1R CTTCACCACCTTCACTAC

tIFNB1 tIFNB1 F ACCACTTGGAAACCATGC Analytical qRT-PCR for tIFNB1
tIFNB1 R TTTCCACTCGGACTATCG

tB-actin tp-actin F ATTTTGAATGATCAGCCACC Analytical qRT-PCR for tG-actin
tB-actin R AGGTAAGCCCTGGCTGCCTC

Notes: The nucleotides in italic stand for the site of restriction enzyme, and the nucleotides in the lowercase stand for homologous sequence. qRT-PCR, quantitative real-time PCR
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Supplementary Figure 1. HSV-1 infection induced tGBP1 protein expression and
affected autophagy in TSPRCs and TSR6 cells. Cells were seeded in 6-well plates
and were infected with or without HSV-1 (MOI=1) for indicated times before
harvest. The protein levels of tGBP1, tSQSTM1, tLC3B, tSTING and ACTB
(B-actin, as a loading control) were analyzed by Western blotting. The experiments
were independently repeated three times with similar results. Shown result is a
representative experiment. NC, uninfected control.
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