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ABSTRACT Interferon-inducible protein 16 (IFI16) plays a critical role in antiviral innate
immune responses against DNA viruses. Although the acetylation of IFI16 is crucial to its
cytoplasmic translocation and downstream signal transduction, the regulation of IFI16
acetylation remains unclear. In this study, we demonstrated that the NAD-dependent
deacetylase silent information regulatory 1 (Sirtuin1, Sirt1) interacted with IFI16 and
decreased the acetylation of IFI16, resulting in the inhibition of IFI16 cytoplasmic local-
ization and antiviral responses against DNA virus and viral DNA in human cells. Meantime,
Sirt1 could not inhibit RNA virus-triggered signal transduction. Interestingly, even p204, the
murine ortholog of human IFI16, barely interacted with Sirt1. Thus, Sirt1 could not nega-
tively regulate the acetylation of p204 and subsequent signal transduction upon herpes
simplex virus 1 (HSV-1) infection in mouse cells. Taken together, our research work showed
a new mechanism by which Sirt1 manipulated IFI16-mediated host defense. Our study also
demonstrated a difference in the regulation of antiviral host defense between humans and
mice, which might be considered in preclinical studies for antiviral treatment.

IMPORTANCE DNA viruses, such as hepatitis B virus (HBV), human papillomavirus (HPV),
human cytomegalovirus (HCMV), Epstein-Barr virus (EBV), and herpes simplex virus (HSV),
can cause a wide range of diseases and are considered a global threat to human health.
Interferon-inducible protein 16 (IFI16) binds virus DNA and triggers antiviral innate
immune responses to restrict viral infection. In this study, we identified that silent informa-
tion regulatory 1 (Sirtuin1, Sirt1) interacted with IFI16 and regulated IFI16-mediated innate
host defense. Therefore, the activator or inhibitor of Sirt1 may have the potential to be
used as a novel strategy to treat DNA virus-associated diseases. We also found that Sirt1
barely interacted with p204, the murine ortholog of human IFI16, and could not negatively
regulate innate immune responses upon HSV-1 infection in mouse cells. This difference
between humans and mice in the regulation of antiviral host defense might be considered
in preclinical studies for antiviral treatment.

KEYWORDS DNA sensor, posttranslational modification, acetylation, antiviral innate
immunity, signal transduction, cytoplasmic translocation, IFI16

The initiation of innate immune responses relies on the recognition of pathogen-associated
molecular patterns (PAMPs), which are completed by a series of pattern recognition

receptors (1). The nucleic acids are relatively conserved in viruses acting as PAMPs for innate
immune recognition (2). Recently, four nuclear DNA sensors have been identified to bind
virus DNA within the nucleus and play a critical role in antiviral host defense, including
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interferon (IFN)-inducible protein 16 (IFI16), cyclic GMP-AMP synthase (cGAS), IFIX, and
heterogeneous nuclear ribonucleoprotein A2/B1 (hnRNPA2B1) (3–8).

IFI16, containing an N-terminal pyrin domain (PYD) and two C-terminal HIN domains,
was first identified as a DNA sensor critical to antiviral host defense during herpes simplex
virus 1 (HSV-1) infection (6). Then, IFI16 was demonstrated to be required in the antiviral
immune responses against some other family members of herpesviruses, all of which are
DNA viruses, including human cytomegalovirus (HCMV), Kaposi's sarcoma-associated her-
pesvirus (KSHV), and Epstein-Barr virus (EBV) (9–11). IFI16 recognizes viral DNA in both the
cytoplasm and the nucleus (12). During HSV-1 infection, IFI16 redistributes from the nucleolus
to the nuclear periphery, where it serves as a scaffold recruiting STING and TANK-binding
kinase 1 (TBK1) in the cytoplasm, and activates interferon regulatory factor 3 (IRF3) and
nuclear factor kappa-B (NF-kB), leading to the production of type I IFN and proinflammatory
cytokines, thus resulting in the induction of host antiviral defense (6, 13). It is established
that IFI16 is modified by acetylation at numerous sites. Acetylations occurring at the nuclear
localization signal (NLS) of IFI16 prevent the nuclear import of IFI16, thus working as molecu-
lar toggles of IFI16 distribution (14). However, the underlying molecular mechanism regulat-
ing the acetylation and localization of IFI16 remains unclear.

Silent information regulatory 1 (Sirtuin1, Sirt1), belonging to the Sirtuin family, is an NAD-
dependent deacetylase that has been demonstrated to be involved in the regulation of
aging, metabolism, apoptosis, cell cycle, and inflammation (15). The role of Sirt1 in antivi-
ral innate immune responses is complicated and differs much according to the type of
viruses and host cells. Recently, two reports addressed the role of Sirt1 in severe acute re-
spiratory syndrome coronavirus 2 (SARS-CoV-2) infection (16, 17). Although both groups
revealed the interaction between Sirt1 and viral protein NSP14, Zhang et al. considered
that Sirt1/PGC-1a inhibits SARS-CoV-2 replication (16), whereas Marius Walter and his
colleagues showed that Sirt1 deficiency or Sirt1 inhibitor Ex527 reduced SARS-CoV-2 viral
levels (17). During HSV-1 infection, nutraceutical activators of the AMPK/Sirt1 axis have
been reported to inhibit viral production, but the underlying mechanisms are not fully under-
stood (18, 19). Although acetylation is considered an important posttranslational modification
to regulate the function of cGAS and IFI16 in innate immunity (14, 20), whether Sirtuin family
members are involved in the regulation of acetylation of DNA sensors remains unclear.

In this study, we demonstrated that deacetylase Sirt1 interacted with IFI16 and reduced
its acetylation, thus regulating IFI16-mediated antiviral innate immune responses. Sirt1 over-
expression inhibited DNA virus- or viral DNA-induced innate immune responses, whereas
Sirt1 knockdown or deficiency promoted these antiviral responses in human cells. Consistently,
the Sirt1 activator inhibited, and the Sirt1 inhibitor promoted, DNA virus- or viral DNA-triggered
innate immune responses. Mechanistic investigation indicated that Sirt1 prevented DNA virus-
or viral DNA-induced cytoplasmic translocation of IFI16, by which the association of IFI16 with
STING and the following signal transduction were inhibited. However, Sirt1 had only a weak
interaction with p204 (the murine ortholog of human IFI16) and could not efficiently reduce
the acetylation of p204 in mouse cells. Collectively, our research suggests a novel regulatory
role of Sirt1 in innate immunity in human cells and shows the differences between humans
and mice in the regulation of antiviral host defense.

RESULTS
Sirt1 interacts with IFI16 and regulates its acetylation. To investigate whether

Sirtuin family members play a role in IFI16 function, we transfected the HaCaT keratino-
cytes with hemagglutinin (HA)-IFI16 and then treated the cells with nicotinamide (NAM),
the inhibitor of the Sirtuin family. As shown in Fig. 1A, NAM treatment increased the acetyla-
tion of HA-IFI16 in a dose-dependent pattern. Next, we explored the effect of NAM on endog-
enous IFI16. The acetylation of IFI16 was observed with or without HSV-1 infection, and this
acetylation was enhanced by NAM treatment (Fig. 1B), suggesting that the Sirtuin family
might be involved in the regulation of IFI16 acetylation during HSV-1 infection. Then, we
identified which member of the Sirtuin family was associated with IFI16 and responsible
for the deacetylation of IFI16. All seven Sirtuin family members were transfected into HEK293T
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FIG 1 Sirt1 interacts with IFI16. (A) HaCaT keratinocytes were transfected with HA-IFI16 for 24 h and then treated with increasing amounts
of nicotinamide (NAM; 0, 2, 5, 10 mM) for another 6 h. Afterward, the cells were lysed and subjected to immunoprecipitation (IP) and
immunoblot (IB) analysis. (B) PMA-THP1 cells were infected with HSV-1 (MOI = 1) or left uninfected for 12 h and then treated with NAM
(5 mM) for 6 h. Afterward, the cells were lysed and subjected to IP and IB analysis. (C and D) HEK293T cells were transfected with various
combinations of plasmids as indicated. At 24 h later, IP and IB analysis were performed. The input of IFI16 is shown in panel D, indicated by
a star. (E) HEK293T cells were transfected with Myc-Sirt1, together with HA-IFI16 (1) or control vector (2). At 24 h after transfection, the cell

(Continued on next page)
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cells separately, together with an IFI16-expressing plasmid, and coimmunoprecipitation assays
indicated that only Sirt1 was associated with IFI16 (Fig. 1C to E). Additionally, confocal micros-
copy analysis indicated that HA-IFI16 colocalized with Myc-Sirt1 in HaCaT cells with or without
HSV-1 infection or NAM treatment (Fig. 1F). This association was confirmed in endogenous
coimmunoprecipitation experiments, which indicated that Sirt1 interacted with IFI16 in phor-
bol myristate acetate-treated THP1 cells (PMA-THP1 cells) (Fig. 1G). Upon HSV-1 infection, the
expression level of IFI16 was upregulated and more IFI16 protein was coimmunoprecipitated
with Sirt1 (Fig. 1G). Finally, we explored the domain in IFI16 which was responsible for its asso-
ciation with Sirt1. As shown in Fig. 1H, IFI16 contains one pyrin domain and two HIN-200
domains. However, only the full length of IFI16 was found to be associated with Sirt1 in coim-
munoprecipitation assays (Fig. 1I). In all, our findings suggest that Sirt1 interacts with IFI16.

Sirt1 overexpression inhibits HSV-1- or viral DNA-induced innate immune responses.
As a DNA sensor, IFI16 plays a critical role in DNA virus- or viral DNA-induced innate immune
responses. Therefore, we investigated the role of Sirt1 in the antiviral host defense against
HSV-1 infection or exogenous cytosolic DNA stimulation. Luciferase assays with a beta inter-
feron (IFN-b) reporter indicated that Sirt1 overexpression inhibited viral DNA HSV60-triggered
activation of IFN-b promoter (Fig. 2A). Upon HSV-1 infection, the inhibition by Sirt1 of the
production of IFN-b , IFN-g -inducible protein-10 (IP-10), and tumor necrosis factor alpha (TNF-
a) was observed in the mRNA levels (Fig. 2B). Consistently, Sirt1 overexpression inhibited the
production of IFN-b and RANTES triggered by viral DNA, such as HSV60 (a 60-bp HSV-1-
derived double-stranded DNA oligonucleotide that stimulates the STING-dependent pathway)
and VACV70 (70-mer dsDNA representing the genome of vaccinia virus), but not by poly (I:C)
transfection (Fig. 2C). In addition, Sirt1 inhibited the formation of IRF3 dimers and the phos-
phorylation of IRF3, TBK1, and p65 that was induced by HSV-1 infection but not by RNA virus
vesicular stomatitis virus (VSV), suggesting that Sirt1 specifically inhibited DNA virus-triggered
antiviral immune responses (Fig. 2D). Interestingly, Sirt1 even caused a slight increase in the
formation of IRF3 dimers upon VSV infection (Fig. 2D). Consistently, Sirt1 decreased the
secretion of IFN-b upon the stimulation of HSV60 or VACV70 (Fig. 2E). Additionally, Sirt1
overexpression increased the HSV-1 titer, as suggested by the plaque assays (Fig. 2F). Taken
together, these findings indicate that the overexpression of Sirt1 inhibited innate immune
responses that were triggered by DNA viruses or viral DNA but not by RNA viruses.

Sirt1 knockdown promotes HSV-1- or viral DNA-induced innate immune responses.
Next, we used a knockdown approach to further address the effect of endogenous Sirt1 on
HSV-1- or viral DNA-triggered innate immune responses. Sirt1-transfected HEK293T or PMA-
THP1 cells were transfected with control siRNA (SC) or three pairs of small interfering RNA
(siRNA) oligonucleotides specific for Sirt1 RNA (S1, S2, S3). As shown in Fig. 3A, both S1 and
S2 inhibited exogenous and endogenous Sirt1 expression efficiently, and S1 showed higher
efficiency in inhibition than S2. Thus, both S1 and S2 were used in the following experi-
ments. As shown in Fig. 3B and C, both of the siRNAs targeting Sirt1, S1 and S2, upregulated
the production of IFN-b , IP-10, and RANTES upon HSV-1 infection or HSV60 transfection in
mRNA levels, and the increase by S1 transfection was more significant than that by S2 trans-
fection, consistent with their efficiency in the inhibition of Sirt1 expression (Fig. 3B and C).
Similar results were obtained by the stimulation with viral DNA VACV70 but not by poly (I:C)
transfection (Fig. 3D). Notably, Sirt1 knockdown did not enhance poly (I:C) transfection-trig-
gered production of IFN-b , IP-10, and TNF-a but caused a trend of inhibition in the expression
of these proteins at the mRNA level (Fig. 3D). In immunoblot assays, upon HSV-1 infection
or HSV60 stimulation, higher levels of activation of TBK1, IRF3, and p65 were observed in
cells transfected with S1 or S2 than in control SC-transfected cells, and cells with S1 transfec-
tion exhibited the highest phosphorylation levels of these proteins (Fig. 3E and G). However,

FIG 1 Legend (Continued)
lysates were subjected to IP and IB analysis as indicated. (F) HaCaT keratinocytes were transfected with HA-IFI16 and Myc-Sirt1. At 24 h after
transfection, the cells were stimulated with HSV-1 or left uninfected for another 8 h. Then, the cells were treated with or without NAM
(5 mM) for 6 h. Immunofluorescence was performed using anti-HA (green) and anti-Myc (red). Nuclei were stained with DAPI. Scale bars,
10 mm. (G) PMA-THP1 cells were infected with HSV-1 (MOI = 1) for the indicated periods and then subjected to IP and IB analysis as
indicated. (H) Schematic presentation of full-length IFI16. (I) HEK293T cells were transfected with various combinations of plasmids as
indicated. At 24 h later, IP and IB were performed. The data are representative of three independent experiments.
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Sirt1 knockdown did not show significant differences in signaling activation upon VSV
infection or poly (I:C) transfection (Fig. 3F and H). Furthermore, Sirt1 knockdown inhib-
ited the titers of HSV-1 in plaque assays (Fig. 3I). Finally, to exclude the possibility that
the effect of Sirt1 knockdown on innate immune responses was limited to immune cells,
we further investigated the role of Sirt1 in nonimmune cells, HaCaT cells, and HeLa cells.
Consistent with the results obtained in PMA-THP1 cells, in both HaCaT and HeLa cells,
upon HSV-1 infection, the knockdown of Sirt1 promoted the production of IFN-b , IP-
10, interferon-stimulated gene 56 (ISG56), and TNF-a and the activation of TBK1 and IRF3
(see Fig. S1A to D in the supplemental material). Taken together, these results demonstrate
that endogenous Sirt1 negatively regulates innate immune responses triggered by DNA vi-
rus HSV-1 or viral DNA but not by RNA virus VSV or poly (I:C) transfection.

Sirt1 deficiency enhances HSV-1- or viral DNA-triggered innate immune responses
in PMA-THP1 cells. To further explore the role of Sirt1 in antiviral innate immune responses,
we generated a Sirt1-deficient THP1 cell line by CRISPR/Cas9 strategy. The expression of
Sirt1 could not be detected in Sirt1-deficient PMA-THP1 cells, as suggested by immunoblot
assays (Fig. 4A). Compared to wild-type PMA-THP1 cells, Sirt1-deficient cells exhibited
decreased HSV-1 titers (Fig. 4B) upon HSV-1 infection. Next, we examined the antiviral
innate immune responses in Sirt1-deficient cells. Increased production of IFN-b , IP-10,
and TNF-a was observed in mRNA levels in Sirt1-deficient PMA-THP1 cells upon HSV-1
infection (Fig. 4C). Results from enzyme-linked immunosorbent assay (ELISA) analysis
indicated that the depletion of Sirt1 promoted HSV-1- or viral DNA-induced production

FIG 2 Sirt1 overexpression inhibits HSV-1- or exogenous cytosolic DNA-induced innate immune responses.
(A) HaCaT keratinocytes were transfected with an IFN-b luciferase reporter, together with Myc-Sirt1 or
vector (Vec). At 24 h later, the cells were transfected with HSV60 (1 mg/mL) for another 24 h and then
lysed for the luciferase assay. (B) HaCaT keratinocytes were transfected with Myc-Sirt1 or control vector
(Vec). At 24 h after transfection, the cells were infected with HSV-1 (MOI = 1) for 8 h. Afterward, real-time
PCR was performed. (C) HaCaT keratinocytes were transfected with Myc-Sirt1 or control vector (Vec). At 24 h
after transfection, the cells were transfected with HSV60 (1 mg/mL), VACV70 (1 mg/mL), or poly (I:C) (2.5 mg/
mL) for 8 h. Afterward, real-time PCR was performed. (D) HaCaT keratinocytes were transfected with Myc-
Sirt1 (1) or control vector (2). At 24 h after transfection, the cells were infected with HSV-1 (MOI = 1) or
VSV (MOI = 1) for 8 h. Afterward, the cell lysates were subjected to immunoblot analysis. b-Actin was used
as a loading control in the immunoblot assays. (E) HaCaT keratinocytes were transfected with Myc-Sirt1 or
control vector (Vec). At 24 h after transfection, the cells were transfected with HSV60 (1 mg/mL) or VACV70
(1 mg/mL) for 24 h. The supernatants were collected and subjected to ELISA analysis. (F) HaCaT keratinocytes
were transfected with a control vector (Vec) or the Sirt1 plasmid and then infected with HSV-1 for 24 h.
The titers of HSV-1 were determined by a standard plaque assay. The data are representative of three
independent experiments and are presented as means 6 SDs. *, P , 0.05; **, P , 0.01.
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FIG 3 Sirt1 knockdown promotes HSV-1- or exogenous cytosolic DNA- induced innate immune responses. (A)
HEK293T cells were transfected with Myc-Sirt1 and then transfected with control siRNA (SC) or Sirt1-specific
siRNA (S1, S2, and S3). At 24 h after transfection, the cells were lysed for immunoblot assays (top). PMA-THP1
cells were transfected with control siRNA (SC) or Sirt1-specific siRNA (S1, S2, and S3). At 24 h after transfection,
the cells were subjected to immunoblot assay (bottom). (B and C) PMA-THP1 cells were transfected with
control siRNA (SC) or Sirt1-specific siRNA (S1 and S2) for 24 h and then stimulated with HSV-1 (MOI = 1) (B) or
HSV60 (1 mg/mL) transfection (C) for 8 h. The cells were lysed for real-time PCR analysis. (D) PMA-THP1 cells
were transfected with control siRNA (SC) or Sirt1-specific siRNA (S1) for 24 h and then transfected with HSV60
(1 mg/mL), VACV70 (1 mg/mL), and poly (I:C) (2.5 mg/mL) for 8 h. Then, the cells were lysed for real-time PCR
analyses. (E) PMA-THP1 cells were transfected with control siRNA (SC) or Sirt1-specific siRNA (S1 and S2) for 24
h and then infected with HSV-1 (MOI = 1) for 4 h. The cells were lysed for immunoblot assays. (F) PMA-THP1
cells were transfected with control siRNA (SC) or Sirt1-specific siRNA (S1) for 24 h and then infected with HSV-1
(MOI = 1) or VSV (MOI = 1) for 4 h. The cells were lysed for native PAGE or SDS-PAGE assays. (G) PMA-THP1
cells were transfected with control siRNA (SC) or Sirt1-specific siRNA (S1 and S2) for 24 h and then transfected

(Continued on next page)
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of IFN-b and also TNF-a in protein levels (Fig. 4D and E). Further, Sirt1 depletion increased
the phosphorylation of TBK1, IRF3, and p65, which were triggered by HSV-1 infection (Fig.
4F) or HSV60 stimulation (Fig. 4G). Taken together, our findings demonstrate that Sirt1 defi-
ciency enhances antiviral innate immune responses against DNA virus, suggesting the inhib-
itory role of Sirt1 in DNA virus- or viral DNA-triggered innate immune responses.

Sirt1 deficiency enhances the expression of type I IFN, proinflammatory cytokines,
and ISGs. We further performed global RNA sequencing (RNA-seq) analysis to identify
genes and pathways regulated by Sirt1. Differential expression analysis identified 1,083
upregulated genes (log2 . 1) and 1,047 downregulated genes (log2 , 21) in response to
Sirt1 deficiency in PMA-THP1 cells after HSV-1 infection (Fig. 5A and B). Gene set-enrichment
analysis (GSEA) was performed, and the results demonstrated that the core-enriched genes
were related to the cytosolic DNA sensing pathway (Fig. 5C). Additionally, gene ontology
(GO) analysis further demonstrated that these genes were involved in cellular antiviral
immune responses against DNA viruses, including “Epstein-Barr virus infection,” “hepati-
tis B,” and “human papillomavirus infection” (Fig. 5D). Differential expression analysis further

FIG 4 Sirt1 deficiency promotes HSV-1- or exogenous cytosolic DNA-triggered innate immune responses in
PMA-THP1 cells. (A) Wild-type (WT) and Sirt1-deficient (knockout [KO]) PMA-THP1 cells were lysed for
immunoblot assays. (B) WT and KO PMA-THP1 cells were infected with HSV-1 (MOI = 1) for 24 h. The titers
of HSV-1 were determined by standard plaque assay. Data were obtained from four independent
experiments. (C) WT and KO PMA-THP1 cells were infected with HSV-1 (MOI = 1) for the indicated periods.
Then, the cells were lysed for real-time PCR analyses. (D) WT and KO PMA-THP1 cells were infected with
HSV-1 (MOI = 1) for 24 h. The supernatants were collected and subjected to ELISA analysis. (E) WT and KO
PMA-THP1 cells were transfected with HSV60 (1 mg/mL) and VACV70 (1 mg/mL) for 24 h. The supernatants
were collected and subjected to ELISA analysis. (F and G) WT and KO PMA-THP1 cells were treated with
HSV-1 (MOI = 1) (F) or HSV60 (1 mg/mL) transfection (G) for the indicated periods. The cells were lysed for
immunoblot assays. b-Actin served as a loading control in all the immunoblot assays. The data are
representative of three independent experiments and are presented as means 6 SDs. *, P , 0.05;
**, P , 0.01; ***, P , 0.001.

FIG 3 Legend (Continued)
with HSV-60 (1 mg/mL) for 4 h. The cells were lysed for native PAGE or SDS-PAGE assays. (H) PMA-THP1 cells
were transfected with control siRNA (SC) or Sirt1-specific siRNA (S1) for 24 h and then transfected with HSV60
(1 mg/mL), VACV70 (1 mg/mL), poly(dA�dT) (dA:dT; 1 mg/mL), and poly (I:C) (I:C; 2.5 mg/mL) for 4 h. The cells were
lysed for immunoblot assays. (I) PMA-THP1 cells were transfected with control siRNA (SC) or Sirt1-specific siRNA (S1)
for 24 h and then infected with HSV-1 for 24 h. The titers of HSV-1 were determined by a standard plaque assay.
b-Actin served as a loading control in all the immunoblot assays. The data are representative of three independent
experiments and are presented as means 6 SDs. *, P , 0.05; **, P , 0.01; ***, P , 0.001.
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displayed that Sirt1 deficiency resulted in the upregulation of many type I IFN-induced IFN-
stimulated genes (ISGs) and proinflammatory cytokines upon HSV-1 infection (log2 . 2) (Fig.
5E). In all, our findings suggest that Sirt1 negatively regulates antivirus responses during viral
infection by controlling the expression of type I IFNs, proinflammatory cytokines, and ISGs.

Sirt1 decreases IFI16 acetylation. To investigate the mechanism by which Sirt1 regu-
lated IFI16-mediated antiviral immune responses, the effect of Sirt1 on the acetylation of
IFI16 was examined. As shown in Fig. 6A, Sirt1 deacetylated IFI16 with or without HSV60
transfection. This deacetylation was more significant after the stimulation of viral DNA
HSV60 (Fig. 6A). Consistently, in PMA-THP1 cells, Sirt1 knockdown by S1 or S2 enhanced the
acetylation of IFI16 upon HSV-1 infection, and the effects of S1 were more significant than
those of S2, which was consistent with their inhibitory efficiency on Sirt1 expression (Fig. 6B
and C). Then, the acetylation of IFI16 was examined in Sirt1-deficient PMA-THP1 cells. After
HSV-1 infection, Sirt1-deficient cells exhibited a markedly higher level of IFI16 acetylation
than that exhibited by wild-type PMA-THP1 cells (Fig. 6D). Then, Sirt1 activators, SRT2104
and resveratrol (RSV), and Sirt1 inhibitor Ex527 were used to investigate the role of Sirt1 in
IFI16 acetylation. As expected, both SRT2104 and RSV decreased HSV-1-induced IFI16 acety-
lation in a dose-dependent pattern, whereas Sirt1 inhibitor Ex527 increased the acetylation
of IFI16 significantly (Fig. 6E and F; Fig. S2A). Finally, the H363Y mutant, an enzymatically
dead dominant negative mutant of Sirt1, was used to further investigate whether the

FIG 5 Sirt1 deficiency enhances the expression of type I IFN, ISGs, and proinflammatory cytokines. (A) Volcano plots comparing gene expression in wild-type (WT)
and Sirt1-deficient (KO) PMA-THP1 cells after being stimulated with HSV-1 (MOI = 1) for 4 h. (B) Heat map depiction of differentially expressed genes in WT and KO
PMA-THP1 cells. (C) GSEA analysis of cytosolic DNA sensing pathway relative to WT and KO PMA-THP1 cells. Enrichment plots are shown along with the normalized
enrichment score and P value. (D) KEGG analysis through Tom (https://biosys.bgi.com/) for genes significantly upregulated (log2 $ 1, P , 0.05) after stimulation with
HSV-1 (MOI = 1) for 4 h. (E) Heat map view of mRNA variations in type I IFN, ISGs, and proinflammatory cytokines (log2 $ 2).
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deacetylase activity of Sirt1 was required for its role in IFI16-mediated innate immune
responses. As expected, the exogenously expressed H363Y mutant of Sirt1 could not inhibit
the acetylation of IFI16 as efficiently as the wild-type Sirt1 did (Fig. 6G). Upon HSV-1 infection,
the H363Y mutant of Sirt1 lost the ability to affect the induction of IFN-b , IP-10, and TNF-a
(Fig. 6H). Taken together, our findings suggest that Sirt1 decreases the acetylation of IFI16 and
that the deacetylase activity of Sirt1 is required to regulate IFI16-mediated host defense.

Sirt1 inhibitors and activators regulate DNA virus- or viral DNA-triggered innate
immune responses. Given our findings that the deacetylase activity of Sirt1 was essential
to its regulatory role in antiviral responses, we used the activator or inhibitor of Sirt1 to regu-
late its deacetylase activity and then confirmed the effect of Sirt1 on the innate immune
responses that were induced by DNA virus or viral DNA. As shown in Fig. 7A, Sirt1 activator
SRT2104 increased the titers of HSV-1 in PMA-THP1 cells. The treatment with SRT2104 inhib-
ited HSV-1- or HSV-60-triggered antiviral innate immune responses, including the produc-
tion of IFN-b , IP-10, IL-6, and TNF-a in mRNA levels (Fig. 7B), the induction of IFN-b and
TNF-a in protein levels (Fig. 7C), and the phosphorylation of TBK1, IRF3, and p65 (Fig. 7D),
whereas SRT2104 treatment did not affect the expression of Sirt1 (Fig. 7D), suggesting that
the antiviral innate immune responses against DNA virus or viral DNA were regulated by the

FIG 6 Sirt1 decreases IFI16 acetylation. (A) HaCaT keratinocytes were transfected with the indicated
plasmids for 24 h and then transfected with HSV60 (1 mg/mL) for 12 h or left untreated. Afterward, the
cells were lysed and subjected to immunoprecipitation (IP) and immunoblot (IB) analysis. (B) PMA-THP1 cells
were transfected with control siRNA (SC) or Sirt1-specific siRNA (S1 and S2) for 24 h and then infected with
HSV-1 (MOI = 1) for 12 h. Afterward, the cells were lysed and subjected to IP and IB analysis. (C) PMA-THP1
cells were transfected with control siRNA (SC) or Sirt1-specific siRNA (S1) for 24 h and then infected with
HSV-1 (MOI = 1) for the indicated periods. Afterward, the cells were lysed and subjected to IP and IB
analysis. (D) Wild-type (WT) and Sirt1-deficient (KO) PMA-THP1 cells were infected with HSV-1 (MOI = 1) for
the indicated periods. The cells were subjected to IP and IB analysis. (E) PMA-THP1 cells were treated with
increasing amounts of SRT2104 (0, 2, and 5 mM) for 12 h and then infected with HSV-1 (MOI = 1) for
another 12 h. The cells were subjected to IP and IB analysis. (F) PMA-THP1 cells were treated with DMSO,
EX527 (5 mM), or resveratrol (RSV) (100 mM) for 12 h and then infected with HSV-1 (MOI = 1) for another
12 h. The cells were subjected to IP and IB analysis. (G) HEK293T cells were transfected with the indicated
plasmids. At 24 h after transfection, the cells were subjected to IP and IB analysis. (H) HaCaT keratinocytes
were transfected with the indicated plasmids for 24 h and then infected with HSV-1 (MOI = 1) for 8 h.
Then, the cells were lysed for real-time PCR analyses. The data are representative of three independent
experiments and are presented as means 6 SDs. **, P , 0.01; ***, P , 0.001.
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deacetylase activity of Sirt1. Similar results were obtained by the treatment of RSV in PMA-
THP1 cells (Fig. S2B to D). Finally, we examined whether the effect of SRT2104 on innate
immune responses was dependent on Sirt1. Wild-type or Sirt1-deficient PMA-THP1 cells
were treated with or without SRT2104 and then infected with HSV-1. As shown in Fig. 7E,
the antiviral immune responses were inhibited by SRT2104 in wild-type PMA-THP1 cells
but not in Sirt1-deficient PMA-THP1 cells, indicating that the role of SRT2104 in antiviral sig-
naling relied on the presence of Sirt1.

Next, we investigated the regulation of antiviral innate immune responses by Ex527, the
inhibitor of Sirt1. In HaCaT cells with the transfection of an IFN-b luciferase reporter, Ex527
treatment enhanced the IFN-b reporter activity induced by HSV-1 infection or HSV60 trans-
fection (Fig. 8A). In PMA-THP1 cells, Ex527 treatment decreased HSV-1 titers, as shown by
plaque assays (Fig. 8B). Real-time PCR results indicated that the induction of IFN-b , IP-10,
ISG56, and ISG15 by HSV-1 infection was promoted by Ex527 treatment in PMA-THP1 cells
(Fig. 8C). Similar results were obtained when PMA-THP1 cells were treated with Ex527 and
then stimulated by HSV60 (Fig. 8D). In addition, Ex527 treatment enhanced the formation of
IRF3 dimers and the phosphorylation of IRF3, TBK1, and p65 that was triggered by HSV-1
infection (Fig. 8E) or exogenous cytosolic DNA transfection but not by poly (I:C) transfection
(Fig. 8F). However, Ex527 could not regulate the antiviral innate immune responses against
HSV-1 in the absence of Sirt1, indicating that Ex527 regulated DNA virus-triggered innate
immune responses via Sirt1 (Fig. 8G). Taken together, our results demonstrate that Sirt1 inhibi-
tors and activators regulate DNA virus- or viral DNA-triggered innate immune responses.

FIG 7 Sirt1 activator SRT2104 inhibits HSV-1- or exogenous cytosolic DNA-induced innate immune
responses. (A) PMA-THP1 cells were treated with SRT2104 (5 mM) for 12 h and then infected with HSV-1
(MOI = 1) for 24 h. The titers of HSV-1 were determined by a standard plaque assay. Data were obtained
from three independent experiments. (B) PMA-THP1 cells were treated with SRT2104 (5 mM) for 12 h and
then infected with HSV-1 (MOI = 1) for 8 h. Afterward, real-time PCR analysis was performed. (C) PMA-
THP1 cells were treated with SRT2104 (5 mM) for 12 h and then stimulated with HSV-1 (MOI = 1) or
HSV60 (1 mg/mL) transfection. The supernatants were collected and subjected to ELISA analysis. Data were
obtained from four independent experiments. (D) PMA-THP1 cells were treated with SRT2104 (5 mM) for
12 h and then infected with HSV-1 (MOI = 1) for the indicated periods. Afterward, the cells were lysed for
immunoblot analysis. (E) Wild-type (WT) and Sirt1-deficient (KO) PMA-THP1 cells were treated with control
DMSO or SRT2104 (5 mM) for 12 h and then infected with HSV-1 (MOI = 1) for 4 h. Afterward, real-time
PCR analysis was performed. b-Actin served as a loading control in all the immunoblot assays. The data
are representative of three independent experiments and are presented as means 6 SDs. *, P , 0.05;
**, P , 0.01; ***, P , 0.001.
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Sirt1 prevents DNA virus- or viral DNA-induced cytoplasmic translocation of IFI16. It
has been reported that herpesvirus genome recognition induced acetylation of nuclear
IFI16, which is essential for the cytoplasmic translocation of IFI16 and IFN-b responses (14).
Therefore, we examined the role of Sirt1 in the redistribution of IFI16 upon DNA virus or viral
DNA stimulation. As shown in Fig. 9A, in HeLa cells, Sirt1 overexpression inhibited HSV-1-

FIG 8 Sirt1 inhibitor Ex527 promotes HSV-1- or exogenous cytosolic DNA-induced innate immune responses.
(A) HaCaT keratinocytes were transfected with an IFN-b luciferase reporter. At 24 h later, the cells were treated
with Ex527 (5 mM) for another 12 h. Then, the cells were stimulated with HSV60 (1 mg/mL) transfection or HSV-
1 (MOI = 1) for 24 h and subjected to a luciferase assay. (B) PMA-THP1 cells were treated with Ex527 (5 mM) for
12 h and then infected with HSV-1 (MOI = 1) for 24 h. The titers of HSV-1 were determined by a standard
plaque assay. Data were obtained from three independent experiments. (C and D) PMA-THP1 cells were treated
with Ex527 (5 mM) for 12 h and then infected with HSV-1 (MOI = 1) for 4 h (C) or transfected with HSV60
(1 mg/mL) for the indicated periods (D). Afterward, real-time PCR analysis was performed. (E and F) PMA-THP1
cells were treated with Ex527 (5 mM) for 12 h and then infected with HSV-1 (MOI = 1) for 8 h (E) or transfected
with HSV60 (1 mg/mL), VACV70 (1 mg/mL), poly(d�dT) (dA:dT; 1 mg/mL), or poly (I:C) (2.5 mg/mL) (F) for 8 h.
Then the cells were lysed for native PAGE and SDS-PAGE assays. (G) Wild-type (WT) and Sirt1-deficient (KO)
PMA-THP1 cells were treated with control DMSO or Ex527 (5 mM) for 12 h and then infected with HSV-1
(MOI = 1) for 4 h. Afterward, real-time PCR analysis was performed. b-Actin served as a loading control in all
the immunoblot assays. The data are representative of three independent experiments and are presented as
means 6 SDs. *, P , 0.05; **, P , 0.01; ***, P , 0.001.
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FIG 9 Sirt1 prevents HSV-1- or exogenous cytosolic DNA-induced cytoplasmic translocation of IFI16. (A) HeLa cells were transfected with a control vector,
Sirt1 (WT), or H363Y mutant of Sirt1. At 24 h after transfection, the cells were infected with HSV-1 (MOI = 1) or left uninfected for another 8 h. Immunofluorescence
was performed using anti-IFI16 (red). Nuclei were stained with DAPI. Scale bars, 10 mm. (B) HaCaT keratinocytes were transfected with control siRNA (SC) or Sirt1-
specific siRNA (S1 and S2). At 24 h after transfection, the cells were transfected with HSV60 (1 mg/mL) for another 8 h. Immunofluorescence was performed using
anti-IFI16 (red). Nuclei were stained with DAPI. Scale bars, 10 mm. (C) Quantification of the cytoplasmic IFI16 redistribution in panel B. (D) HaCaT keratinocytes were
treated with Ex527 (5 mM) for 12 h and then transfected with HSV60 (1 mg/mL) for 8 h. Immunofluorescence was performed using anti-IFI16 (red). Nuclei were
stained with DAPI. Scale bars, 10 mm. (E) Quantification of the cytoplasmic IFI16 redistribution in panel D. (F) Wild-type (WT) and Sirt1-deficient (KO) PMA-THP1 cells
were infected with HSV-1 (MOI = 1) or left uninfected for 8 h. Immunofluorescence was performed using anti-IFI16 (red). Nuclei were stained with DAPI. Scale bars
in merge or zoom images are 50 mm or 10 mm, respectively. (G) Quantification of the cytoplasmic IFI16 redistribution in panel F. (H) PMA-THP1 cells were
transfected with control siRNA (SC) or Sirt1-specific siRNA (S1). At 24 h after transfection, the cells were infected with HSV-1 (MOI = 1) for the indicated periods and

(Continued on next page)
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induced cytoplasmic translocation of IFI16, whereas the H363Y mutant of Sirt1 transfection
did not exhibit the inhibitory function under fluorescence microscopy. In HaCaT cells with
HSV60 stimulation, Sirt1 knockdown or Ex527 treatment promoted the cytoplasmic
translocation of IFI16 (Fig. 9B to E). Consistently, increased cytoplasmic IFI16 localization
was detected in Sirt1-deficient cells (Fig. 9F and G). Next, we tried to confirm these findings
about IFI16 redistribution by immunoblot assays. PMA-THP1 cells were transfected with con-
trol siRNA (SC) or Sirt1 siRNA (S1) and then infected with HSV-1. The cells were fractionated
into nuclear and cytoplasmic components. The purity of the nuclear and cytoplasmic fractions
was monitored by the presence of histone H3 protein and tubulin, respectively (Fig. 9H).
HSV-1 infection induced the cytoplasmic translocation of IFI16, which was enhanced by
Sirt1 knockdown (Fig. 9H). In addition, both Sirtuin family inhibitor NAM and Sirt1 inhibitor
Ex527 promoted cytoplasmic translocation of IFI16 (Fig. 9I). Compared to wild-type PMA-
THP1 cells, Sirt1-deficient PMA-THP1 cells exhibited increased accumulation of IFI16 in the
cytoplasm upon HSV-1 infection (Fig. 9J). In all, these results suggest that Sirt1 prevents
DNA virus- or viral DNA-induced cytoplasmic translocation of IFI16.

Sirt1 prevents the association of IFI16 with STING. IFI16 acetylation has been
reported to be required for its cytoplasmic interaction with STING and subsequent IFN-b
production (21). Therefore, we examined the role of Sirt1 in the IFI16-STING interaction
during DNA virus infection. Coimmunoprecipitation reactions with an anti-STING antibody
revealed that Sirt1 knockdown or deficiency promoted IFI16-STING interaction (Fig. 10A
and B). Further, Ex527 treatment enhanced IFI16-STING interaction, suggesting that Sirt1
regulates the association of IFI16 with STING by manipulating acetylation (Fig. S3A). Next,
we performed an in situ proximity ligation assay (PLA) to validate the effect of Sirt1 on IFI16-
STING interaction. Wild-type or Sirt1-deficient PMA-THP1 cells were infected with HSV-1 or
left uninfected and then subjected to PLAs using anti-IFI16 and anti-STING antibodies. The
detected red dots depicted the colocalization of IFI16 and STING. As shown in Fig. 10C,
with HSV-1 infection, more red dots were detected in Sirt1-deficient PMA-THP1 cells than
in wild-type PMA-THP1 cells, suggesting that Sirt1 deficiency promoted the IFI16-STING
interaction. Finally, confocal microscope analysis demonstrated that Sirt1 deficiency or Ex527
treatment resulted in more cytoplasmic IFI16 distribution, leading to more IFI16-STING coloc-
alization, suggesting that Sirt1 inhibited the IFI16 interaction with STING by regulating IFI16
distribution (Fig. S3B and C). Taken together, these results suggest that Sirt1 prevents the
IFI16-STING interaction.

Sirt1 inhibits DNA virus- or viral DNA-triggered innate immune responses in an IFI16-
dependent pattern. To explore whether the inhibitory role of Sirt1 in HSV-1-induced
antiviral signaling was dependent on IFI16, we first examined the function of Sirt1 in IFI16-
silenced HaCaT cells. HaCaT cells were transfected with control siRNA (SC) or IFI16 siRNA
(Si-IFI16) and then stimulated them with SRT2104 or EX527, followed by HSV-1 infection.
As shown in Fig. S4A and B, upon HSV-1 infection, Ex527 increased antiviral innate immune
responses in control HaCaT cells but not in IFI16-silenced HaCaT cells. Similarly, SRT2104
could not inhibit HSV-1-triggered antiviral responses after IFI16 knockdown in HaCaT cells
(Fig. S4A and B). Next, we investigated the role of Sirt1 in IFI16-deficient cells. Wild-type or
IFI16-deficient PMA-THP1 cells were treated with Sirt1 inhibitor Ex527 and then stimulated
with HSV-1 infection or HSV60 transfection. As shown in Fig. 10D, in contrast to the findings
in wild-type PMA-THP1 cells (Fig. 8C), in IFI16-deficient cells, Ex527 caused a slight drop in
IFN-b production and a significant decrease in the production of IP-10 and ISG56 in
response to HSV-1 infection. Similar results were observed in IFI16-deficient PMA-THP1 cells
upon HSV60 transfection (Fig. 10E). Consistently, ELISA analysis indicated that Ex527 treat-
ment caused lowered protein levels of IFN-b and TNF-a in IFI16-deficient PMA-THP1 cells

FIG 9 Legend (Continued)
then fractionated into cytosolic and nuclear subfractions. The immunoblot assays were performed as indicated. (I) PMA-THP1 cells were treated with control DMSO,
NAM (10 mM) for 6 h, or Ex527 (5 mM) for 12 h. Afterward, the cells were infected with HSV-1 (MOI = 1) or left uninfected for another 12 h and then fractionated
into cytosolic and nuclear subfractions. The immunoblot assays were performed as indicated. (J) Wild-type (WT) and Sirt1-deficient (KO) PMA-THP1 cells were
infected with HSV-1 (MOI = 1) for the indicated periods and then fractionated into cytosolic and nuclear subfractions. The immunoblot assays were performed as
indicated. The data are representative of three independent experiments.
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after HSV-1 infection (Fig. 10F). In addition, after HSV-1 infection, whereas Sirt1 knockdown
or Ex527 treatment resulted in enhanced activation of TBK1 and IRF3 in wild-type PMA-
THP1 cells, Sirt1 knockdown or Ex527 treatment resulted in no elevation in the phosphoryla-
tion of TBK1 in IFI16-deficient PMA-THP1 cells (Fig. 10G and H). We even observed that
Ex527 treatment caused a drop in HSV-1-triggered phosphorylation of IRF3 in IFI16-deficient
PMA-THP1 cells (Fig. 10H).

FIG 10 Sirt1 regulates DNA virus- or viral DNA-induced signal transduction in an IFI16-dependent pattern.
(A) PMA-THP1 cells were transfected with control siRNA (2) or Sirt1-specific siRNA (S1) (1). At 24 h after
transfection, the cells were infected with HSV-1 (MOI = 1) for 8 h or left uninfected and then lysed for
immunoprecipitation (IP) and immunoblot (IB) analysis. (B) Wild-type (WT) and Sirt1-deficient (KO) PMA-
THP1 cells were infected with HSV-1 (MOI = 1) for the indicated periods and then lysed for IP and IB
analysis. (C) WT and KO PMA-THP1 cells were infected with HSV-1 (MOI = 1) for 8 h or left uninfected. In
situ PLAs were performed to examine the colocalization of IFI16 and STING. IFI16-STING complex, red;
nuclei, blue. Scale bars, 10 mm. PLA puncta quantification is shown in the bottom panel. Quantitative data
are presented as means 6 SDs of triplicate samples (50 cells per sample). (D) IFI16-deficient PMA-THP1 cells
were treated with control DMSO or Ex527 (5 mM) for 12 h. Then, the cells were infected with HSV-1
(MOI = 1) or left uninfected for 8 h and lysed for real-time analysis. (E) IFI16-deficient PMA-THP1 cells were
treated with DMSO or Ex527 (5 mM) for 12 h. Then, the cells were transfected with HSV60 (1 mg/mL) for 8
h and lysed for real-time analysis. (F) IFI16-deficient PMA-THP1 cells were treated with DMSO or Ex527
(5 mM) for 12 h. Then, the cells were infected with HSV-1 (MOI = 1) for 24 h and the supernatants were
subjected to ELISA analysis. Data were obtained from four independent experiments. (G) Wild-type (WT)
and IFI16-deficient (KO) PMA-THP1 cells were transfected with control siRNA (SC) or Sirt1-specific siRNA (S1).
At 24 h after transfection, the cells were infected with HSV-1 (MOI = 1) for the indicated periods and then
lysed for immunoblot analysis. (H) Wild-type (WT) and IFI16-deficient (KO) PMA-THP1 cells were treated with
control DMSO or Ex527 (5 mM) for 12 h and then infected with HSV-1 (MOI = 1) for the indicated periods.
Afterward, the cells were lysed for immunoblot assay. The data are representative of three independent
experiments and are presented as means 6 SDs. *, P , 0.05; **, P , 0.01; ****, P , 0.0001.
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Considering that cGAS is an important DNA sensor involved in HSV-1 infection, we won-
dered whether cGAS was involved in the regulation of antiviral immune responses by Sirt1.
First, we examined the interaction between cGAS and Sirt1 by coimmunoprecipitation
assays. As shown in Fig. S4C, Sirt1 did not interact with cGAS. Then, we transfected cGAS
and STING into HEK293T cells and explored the effect of Sirt1 on type I IFN production. As
shown in Fig. S4D, Sirt1 could not affect cGAS/STING-triggered activation of IFN-b or inter-
feron-sensitive response element (ISRE) reporter in luciferase assays. Consistently, we did not
observe a significant effect of Sirt1 on cGAS/STING-induced phosphorylation of TBK1 and
IRF3 (Fig. S4E). Next, we investigated the role of Sirt1 in the transfected cyclic GMP-AMP
(cGAMP)-induced signaling pathway. Wild-type and Sirt1-deficient PMA-THP1 cells were
stimulated with transfected cGAMP, and the innate immune responses were evaluated.
Compared to wild-type PMA-THP1 cells, upon cGAMP stimulation, Sirt1-deficient cells
exhibited reduced production of IFN-b and ISG56, with decreased activation of TBK1 and
IRF3, suggesting that Sirt1 played different roles in the regulation of signaling pathways in
response to cGAMP and HSV-1 (Fig. S4F to H).

Taken together, our findings suggest that the inhibitory role of Sirt1 in DNA virus-
or viral DNA-triggered innate immune responses is dependent on IFI16.

Sirt1 does not inhibit HSV-1 or viral DNA-induced signaling pathways in mouse
cells. To further investigate the role of Sirt1 in DNA virus infection in vivo, we injected
mice with Sirt1 inhibitor Ex527 or DMSO as a control every 12 h. At 48 h after the first injec-
tion, the mice were infected with HSV-1. The mice were sacrificed and subjected to ELISA
and real-time PCR assays after the indicated periods, as shown in Fig. 11A. Surprisingly, mice
injected with Ex527 displayed lower IFN-b expression levels in serum than the control group
(Fig. 11B). Additionally, in the liver and spleen, Ex527 treatment inhibited HSV-1-triggered
antiviral immune responses, as suggested by the generation of IFN-b , IP-10, ISG56, and
interleukin 6 (IL-6) (Fig. 11C). Confused by these findings, we wondered whether the effect
of Sirt1 on antiviral host defense in mice might be different from its role in humans. To
investigate this possibility, we examined the role of Sirt1 in HSV-1-triggered signal transduction
in mouse cells. Consistent with the results from the mouse model, in mouse cell line
RAW264.7, real-time PCR analysis suggested that Ex527 treatment resulted in a drop in
the production of IFN-b , IP-10, and ISG56 in response to HSV-1 infection (Fig. 11D). Further,
Ex527 treatment caused a significant decrease in the secretion of IFN-b and IL-6 in RAW264.7
cells upon HSV-1 infection (Fig. 11E). Considering the constructive difference between IFI16
and its mouse ortholog p204 (Fig. 11F), we proposed the hypothesis that Sirt1 might not be
associated with p204 and thus could not inhibit the HSV-1-induced signaling pathway in
mouse cells. To confirm our hypothesis, coimmunoprecipitation was performed in RAW264.7
cells, and the results indicated that Sirt1 barely interacted with p204 with or without HSV-1
infection (Fig. 11G). Consistently, Ex527 treatment did not show a significant effect on the acet-
ylation of p204 in RAW264.7 cells (Fig. 11H). Taken together, our findings suggest that Sirt1
barely interacts with p204 and thus could not play a negative regulatory role in HSV-1-induced
signal transduction in mouse cells.

DISCUSSION

Sirt1 has many substrates with diverse functions as a deacetylase (22). In antiviral host
defense, the role of Sirt1 is complicated and controversial and is dependent on a wide range
of conditions, including host cell type, virus type, virus strain, and infection status. Recently,
emerging evidence has demonstrated the role of Sirt1 in herpesvirus infection (23–25).
However, these studies focus mainly on the gammaherpesvirus KSHV. The role of Sirt1 in
HSV-1 infection remains unclear. For the first time, our research proposed the hypothesis
that Sirt1 negatively regulated HSV-1-induced antiviral innate immune responses. To con-
firm our hypothesis, we investigated the effects of Sirt1 on HSV-1-triggered innate immune
responses by using a series of methods to regulate Sirt1 expression or activity as deacety-
lase, including Sirt1 overexpression, Sirt1 knockdown, and knockout in cells and by using
Sirt1-specific activators (SRT2104 and RSV) and inhibitor (Ex527), in both immune cells
(human macrophage-like PMA-THP1 cells) and nonimmune cells (human keratinocyte cell
line HaCaT). In all the assays we performed, such as the IFN-b luciferase assay, real-time
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PCR assays for the production of IFN-b , IP-10, TNF-a, or RANTES, ELISA analysis for the secre-
tion of IFN-b and TNF-a, immunoblot assays for the phosphorylation of TBK1, IRF3, and p65,
and plaque assays for the titers of HSV-1, consistent results were obtained, suggesting that
Sirt1 promoted HSV-1 infection and inhibited HSV-1-induced host innate immune responses.
Additionally, a similar phenomenon was observed in cells that were stimulated by exogenous
DNA, including HSV60, VACV70, and poly(dA:dT). Further, our RNA-seq analysis on wild-type
and Sirt1-deficient PMA-THP1 cells revealed that Sirt1 deficiency in PMA-THP1 cells resulted
in the upregulation of a variety of ISGs and proinflammatory cytokines in response to HSV-1
infection. The GSEA analysis demonstrated a close association between Sirt1 and the cyto-
solic DNA sensing pathway. Considering all these consistent results, we concluded that Sirt1
served as a negative regulator of DNA virus or exogenous DNA-triggered innate immune
responses in human cells.

When we explored the potential mechanism by which Sirt1 regulated antiviral host
defense, we noticed three facts. First, it has been reported that IFI16 is acetylated during
HSV-1 infection and that the acetylation of IFI16 promotes its cytoplasmic localization
(14). Second, our findings indicated that Sirt1 interacted with IFI16 and deacetylated IFI16.
Third, we found that Sirt1 knockdown or Sirt1 inhibitor promoted the HSV-1-induced innate
immune responses only in the wild-type PMA-THP1 cells, not in the IFI16-deficient PMA-THP1
cells, suggesting that the effect of Sirt1 on HSV-1 infection was dependent on the existence of

FIG 11 Sirt1 does not inhibit the HSV-1- or viral DNA-induced signaling pathway in mouse cells. (A)
Diagram of the experiment illustrated in panels B and C. (B) Sex and age-matched wild-type mice were
injected intraperitoneally (i.p.) with Ex527 (10 mg/kg) 48 h before HSV-1 (1 � 107 PFU) infection. At 6 h
after HSV-1 infection, ELISA analysis was performed with sera from the mice. (C) Wild-type mice were injected
intraperitoneally (i.p.) with DMSO or Ex527 48 h before HSV-1 (1 � 107 PFU) infection. At 24 h after HSV-1
infection, liver and spleen sections were analyzed by real-time PCR. (D) Raw264.7 cells were treated with
DMSO or Ex527 (5 mM or 20 mM) for 12 h. Then, the cells were infected with HSV-1 (MOI = 1) for 8 h and
the cells were lysed and subjected to real-time PCR analysis. (E) Raw264.7 cells were treated with DMSO or
Ex527 (5 mM or 20 mM) for 12 h. Then, the cells were infected with HSV-1 (MOI = 1) for 24 h and the
supernatants were collected and subjected to ELISA analysis. Data were obtained from three independent
experiments. (F) Distributions of the domains and multipartite NLS motifs within IFI16 homologs. The
predicted NLS motifs of IFI16 homologs are represented by orange bars (complete motifs) or gray bars
(partial motifs) within sequence schematics. The position of the first amino acid of each motif is shown. (G)
Raw264.7 cells were infected with HSV-1 (MOI = 1) for 8 h or left untreated. Afterward, the cells were lysed
and subjected to immunoprecipitation (IP) and immunoblot (IB) analysis. (H) Raw264.7 cells were treated with
DMSO or Ex527 (5 mM) for 12 h and then infected with HSV-1 (MOI = 1) for the periods indicated. The cells
were subjected to IP and IB analysis. The data are representative of three independent experiments and are
presented as means 6 SDs. *, P , 0.05; **, P , 0.01.
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IFI16. Based on these facts, we proposed the hypothesis that Sirt1 negatively regulated the
HSV-1-triggered antiviral signaling pathway by decreasing the acetylation of IFI16 and its cyto-
plasmic distribution. Although IFI16 detects viral DNA in both the cytoplasm and the nucleus
(12), recognition of herpesvirus genomes in the nucleus, such as with KSHV, EBV, and HSV-1,
results in IFI16 acetylation and cytoplasmic translocation (21). Then, in the cytoplasm, IFI16
interacts with STING, leading to TBK1 and IRF3 phosphorylation and downstream signal
transduction (21). Thus, cytoplasmic translocation of IFI16 upon viral DNA sensing is critical
to its function in innate immune signal transduction. In this study, we demonstrated that
Sirt1 inhibited the cytoplasmic translocation of IFI16 in response to HSV-1 infection or viral
DNA stimulation, as suggested by both confocal microscopy and immunoblot assays. Further,
Sirt1 knockdown or deficiency increased the IFI16-STING interaction. Thus, we concluded that
Sirt1 negatively regulates the DNA virus- or exogenous DNA-triggered innate immune signal-
ing pathway by inhibiting the cytoplasmic translocation of IFI16.

Based on the results that we obtained in human cells, we further explored the effect of
Sirt1 on HSV-1 infection in animal models. Surprisingly, injection of Sirt1 inhibitor Ex527 into
mice resulted in decreased production of IFN-b and proinflammatory cytokines, suggesting
a positive role of Sirt1 in HSV-1-induced antiviral host defense in mice. Confused by these
findings, we noticed that although p204 is considered the murine ortholog of human IFI16,
the distributions of the NLS motifs in IFI16 and p204 are different (14). Therefore, we exam-
ined whether Sirt1 interacted with p204 and affected p204-mediated host defense. In our
study, we found that Sirt1 barely interacted with p204 in mouse cell line RAW264.7. In addi-
tion, Sirt1 inhibitor Ex527 could not affect the acetylation of p204 upon HSV-1 infection
in RAW 264.7 cells. Further, Ex527 treatment in HSV-1-infected RAW264.7 cells caused a
drop in the production of IFN-b and proinflammatory cytokines, different from the findings
observed in human cells. These results suggested that upon HSV-1 infection, Sirt1 inhibited
IFI16-mediated host defense in human cells but could not inhibit p204-mediated innate
immune responses. Thus, our findings demonstrate a difference in the regulation of antiviral
host defense between humans and mice, which might expand our knowledge in understand-
ing viral infection and host defense in different species.

When we were preparing the manuscript, Qin et al. reported a mechanism by which
Sirt1 positively regulated IFN production by affecting IRF3/IRF7 liquid-liquid phase sep-
aration in innate antiviral immunity in mice and RAW 264.7 cells (26). Consistent with
their findings, our research also suggested that Ex527 caused a drop in HSV-1-triggered
production of IFN-b in mouse models, mouse cells, and IFI16-deficient human cells. In
addition, we observed that Sirt1 slightly promoted the VSV-induced formation of IRF3
dimers, which was not mediated by IFI16. This phenomenon was also explained well by
their publication. However, we also observed the regulation of proinflammatory cytokines
by Sirt1 in HSV-1-infected mouse cells, which could not be explained by its effect on IRF3/
IRF7 liquid-liquid phase separation. Thus, further investigation on the role of Sirt1 in virus-
triggered proinflammatory cytokine production may be needed.

It is worth noticing that IFI16 also plays an important role in inflammasome. Upon binding
viral DNA in the nucleus, IFI16 recruited the adaptor molecule ASC and procaspase-1 to form
a functional IFI16–ASC–procaspase-1 inflammasome in the nucleus or perinuclear space (12).
The activation of IFI16 inflammasome has been reported to be detected in infection by HSV-
1/2, KSHV, EBV, human papillomavirus (HPV), HCMV, bovine herpesvirus 1 (BoHV-1), and HIV
(12). In this research, we focused mainly on the effect of Sirt1 on IFI16-induced STING-TBK1-
IRF3/NF-kB signaling pathways. It should be meaningful to investigate the role of Sirt1 in
IFI16 inflammasome and IFI16 inflammasome-involved viral infection in further studies.

Besides its role in type I IFN production and inflammasome, IFI16 also plays an important
role in cell proliferation, cellular senescence, and cell survival (27). Thus, IFI16 is associated
with the development of various human diseases, including chronic hepatitis B and hepatitis
B virus (HBV)-associated acute-on-chronic liver failure, HSV-1-associated severe corneal
inflammatory herpetic disease, systemic lupus erythematosus, inflammatory bowel dis-
ease, aging-associated inflammatory diseases, and cancer (27–32). Considering that Sirt1
has several highly selective activators and inhibitors, our research on the Sirt1-IFI16
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interaction may shed some light on the treatment of these diseases targeting IFI16.
Given that Sirt1 has many substrates and broad cellular functions, including metabolic
homeostasis, stress response, tumorigenesis, and autophagy, further study may be
needed to characterize the role of Sirt1 and IFI16 in these diseases to help with the gen-
eration of new therapeutic strategies.

Considering these findings together, in this study, we demonstrated that Sirt1 negatively
regulated host innate immune responses against DNA virus and exogenous cytosolic DNA
by inhibiting the acetylation and the cytoplasmic translocation of IFI16, thereby affecting
DNA virus infection in human cells (Fig. 12). Our findings suggest Sirt1 as a new regulator
in IFI16-mediated antiviral signaling pathways in human cells. This research may expand
our knowledge about host antiviral defense and help to understand the difference between
humans and mice in host antiviral responses.

MATERIALS ANDMETHODS
cDNA constructs and reagents. Human IFI16 and its deletion mutants were amplified by PCR using

cDNA from THP1 cells and were subsequently cloned into a pcDNA3 vector (Invitrogen). All IFI16 deletion mutants
were constructed by PCR and also subcloned into a pcDNA3 vector. Human Myc-Sirt1, Flag-Sirt2, Myc-Sirt3, Flag-
Sirt4, and Flag-Sirt5 were amplified by PCR and subsequently cloned into a pcDNA3 vector (Invitrogen). Flag-Sirt6
and Flag-Sirt7 were obtained from Vigene Biosciences. pIFN-b-Luc was obtained as described previously (33).

The following antibodies were used for immunoblot analysis or immunoprecipitation: anti-Flag (F3165;
Sigma-Aldrich), anti-HA (901515; Biolend), anti-Myc (66004-1-Ig; Proteintech), anti-IFI16 (sc-8023; Santa Cruz),
anti-Sirt1 (2493; Cell Signaling Technology), anti-p-TBK1 (5483T; Cell Signaling Technology), anti-TBK1 (CSB-
PA024154LA01HU; Flarbio), anti-p-IRF3 (4947; Cell Signaling Technology), anti-IRF3 (11312-1-AP; Proteintech),
anti-p-p65 (3033; Cell Signaling Technology), anti-p65 (10745-1-AP; Proteintech), anti-acetylated-lysine (9441; Cell
Signaling Technology), anti-p204 (NBP2-27153; Novus), anti-STING (19851-1-AP; Proteintech), anti-b-tubulin
(10068-1-AP; Proteintech), anti-histone H3 (CSB-PA010109LA01HU; Flarbio), and anti-b-actin (60008-1; Proteintech).

Phorbol myristate acetate (PMA; S1819) was purchased from Beyotime Biotechnology. Ex527 (S1541)
and SRT2104 (S7792) were obtained from Selleck. Resveratrol (R5010) was purchased from Sigma-Aldrich. The
poly(d�dT) (catalog code tlrl-patn), HSV60 (tlrl-hsv60n), and poly (I:C) (tlrl-picw) were obtained from InvivoGen.
VACV70 was synthesized by Sangon Biotech. The sequence was as follows: 59-CCATCAGAAAGAGGTTTAATAT
TTTTGTGAGACCATGGAAGAGAGAAAGA GATAAAACTTTTTTACGACT-39.

Mice. C57BL/6 mice were purchased from the Beijing Vital River Laboratory Animal Technology Co.,
Ltd. All mice were bred and kept in specific-pathogen-free conditions in the Xinxiang Medical University. All
animal care and use protocols were performed in accordance with the Regulations for the Administration of

FIG 12 Proposed model for the regulation of the IFI16-mediated response by Sirt1. IFI16 locates
predominantly in the nucleus. Upon binding with double-stranded DNA derived from viruses, IFI16 is
acetylated, leading to the accumulation of IFI16 in the cytoplasm, where IFI16 recruits STING and activates
downstream host defense. In the presence of Sirt1, the acetylation and cytoplasmic distribution of IFI16
were inhibited, leading to impaired antiviral immune responses.
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Affairs Concerning Experimental Animals approved by the State Council of the People's Republic of China. The
animal experiments were approved by the committee on animal care at Xinxiang Medical University (approval
number XYLL-2020167).

Cell culture, transfection, and stimulation. Human embryonic kidney (HEK) 293T cells and Tohoku
Hospital Pediatrics 1 (THP1) cells were kindly provided by the Stem Cell Bank, Chinese Academy of Sciences.
HaCaT keratinocytes were purchased from Procell Life Science & Technology Co., Ltd. (Wuhan, China). IFI16-de-
ficient THP1 cells (thpd-koifi16) were purchased from InvivoGen. HaCaT and HEK293T cells were cultured in
Dulbecco’s modified Eagle’s medium. THP1 cells were grown in RPMI 1640. PMA-THP1 cells are THP1 cells that
were pretreated with 100 ng/mL PMA for 24 h. All cells were supplemented with 10% fetal bovine serum
(Gibco), 4 mM L-glutamine, 100 mg/mL penicillin, and 100 U/mL streptomycin under humidified conditions
with 5% CO2 at 37°C. Transfection of HaCaT, HEK293T, and THP1 cells and mouse embryo fibroblasts (MEFs)
was performed with Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions.

Preparations of MEFs. The procedure for generating MEFs has been described previously (34).
Immunoprecipitation and immunoblot analysis. Immunoprecipitation and immunoblot analysis

were performed as described previously (35).
IRF3 dimerization assay. Cell extracts were prepared in native lysis buffer (50 mM Tris-HCl [pH 8.0],

150 mM NaCl, 1% NP-40, 1% protease inhibitor cocktail [Roche], and 1% orthovanadate) for 30 min at 4°C.
Lysates were loaded onto a native PAGE gel (without SDS), which was prerun in electrophoresis buffer (25 mM
Tris-HCl [pH 8.4] and 192 mM glycine with and without 0.2% deoxycholate in the cathode and anode chamber,
respectively) for 60 min at 40 mA and electrophoresed for 60 min at 25 mA. Then, the native gel was analyzed
by immunoblotting as described above.

Real-time PCR. Total RNA was extracted from the cultured cells with TRIzol reagent (Invitrogen) as
described by the manufacturer. All gene transcripts were quantified by real-time PCR with SYBR green qPCR
master mix using a 7500 fast real-time PCR system (Applied Biosystems). The relative fold induction was calcu-
lated using the 22DDCT method. The primers used for real-time PCR were described previously (34, 36).

ELISA. THP1 cells or HaCaT keratinocytes were infected with viruses or transfected with synthetic nucleic
acids for 24 h. The supernatants were collected for measurement of IFN-b (KE00187; Proteintech) and TNF-a
(88-7346-88; Thermo Fisher Scientific). Eight-week-old wild-type mice were treated with Ex527 before infection
with HSV-1 for 6 h, and then the sera of mice were collected for measurement of IFN-b (R&D) by ELISA.

RNA interference (RNAi). Sirt1 Stealth-RNAi siRNA was designed by the Invitrogen BLOCKiT RNAi
designer. The siRNA sequences used were as follows: for S1, forward, 59-CCCAUGAAGUGCCUCAGAUAUUAAU-
39, and reverse, 59-AUUAAUAUCUGAGGCACUUCAUGGG-39; for S2, forward, 59-CCAAACUUUGCUGUAACCCU
GUAAA-39, and reverse, 59-UUUACAGGGUUACAGCAAAGUUUGG-39; for S3, forward, 59-UGGGACAUGCCAGAGU
CCAAGUUUA-39, and reverse, 59-UAAACUUGGACUCUGGCAUGUCCCA-39.

The Silencer Select negative-control siRNA was purchased from Invitrogen (catalog no. 4390843). PMA-THP1
or HaCaT cells were transfected with siRNA using Lipofectamine 2000 according to the manufacturer’s instruc-
tions. At 24 h after transfection, the cells were used for further experiments.

Generation of Sirt1-deficient THP1 cell line. A Sirt1-deficient THP1 cell line was generated by the
CRISPR-Cas9 system. The following oligonucleotides specifically targeting the Sirt1 gene were used: oli-
gonucleotide 1, 59-TTCTACCATTTGCTTGATAC-39; oligonucleotide 2, 59-TACCCAGAACATAGACACGC-39;
and oligonucleotide 3, 59-ATGGTTAGTAAACTTCAGAG-39.

Viruses and infection. Cells were infected with HSV-1 (KOS strain, multiplicity of infection [MOI] of 1) for
1.5 h. Then, the cells were washed with phosphate-buffered saline (PBS) and cultured in fresh medium. For the
in vivo study, age- and sex-matched groups of mice were intravenously infected with HSV-1. HSV-1 viral titer
was determined by the plaque-forming assay on Vero cells.

The infection of VSV was performed as described previously (37).
Luciferase reporter gene assay. Luciferase reporter gene assays were performed as described pre-

viously (38).
Confocal microscopy. After treatment, THP1 cells and HaCaT keratinocytes were fixed with 4% para-

formaldehyde (PFA) in PBS, permeabilized with Triton X-100, and then blocked with 1% bovine serum al-
bumin (BSA) in PBS. Nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI). Images were taken
using Nikon A1R microscopy.

In situ PLA. In situ PLA was studied using a Duolink PLA kit (Sigma). THP1 cells were seeded on Teflon-
coated glasses and cultured overnight. After HSV-1 infection for 8 h, cells were fixed in 4% PFA in PBS for
15 min and washed with PBS three times. After that, cells were permeabilized with 0.1% Triton X-100 on ice
for 5 min, washed in PBS, blocked in 5% BSA in PBS for 1 h at 37°C, and incubated in primary antibodies
overnight at 4°C. The next day, the cells were washed with the wash buffer (Sigma; DUO82049) three times
and incubated with the secondary antibodies with PLA probes (Sigma; DUO92001 and DUO92005) for 2 h at
37°C, followed by three washes with the wash buffer. Cells were incubated with the Duolink in situ detection
reagents red (Sigma; DUO92008) for 2 h at 37°C. Finally, nuclei were stained with DAPI and covered on slides.
Images were taken using Nikon A1R microscopy, and the Image Pro Plus 6.0 was used for quantitative
analyses.

RNA-seq analysis. After HSV-1 stimulation for the indicated periods, total RNA was extracted from
control and Sirt1-deficient PMA-THP1 cells using the TRIzol reagent. Library preparation and sequenc-
ing were performed by BGI (Shenzhen, China). To gain insight into the change of phenotype, GO
(http://www.geneontology.org/) and KEGG (https://www.kegg.jp/) enrichment analyses of annotated differ-
ently expressed genes were performed by Dr. Tom (https://biosys.bgi.com/). The significant levels of terms and
pathways were corrected by Q value (false discovery rate, FDR) with a rigorous threshold (Q value # 0.05) by
Benjamini - Hochberg.
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Nuclear extracts. The nuclear extracts were prepared as described previously (39).
Statistics. The data are presented as means 6 standard deviations (SDs) from at least three inde-

pendent experiments. The statistical comparisons between the different treatments were performed
using the unpaired Student t test, and a P of,0.05 was considered statistically significant.

Data availability. All RNA-seq data have been deposited in the NCBI database under accession
number PRJNA882382 and are publicly available.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1.8 MB.
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