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ABSTRACT

After herpes simplex virus type 1 (HSV-1) infection, the cytosolic sensor cyclic GMP-AMP synthase (cGAS) rec-
ognizes DNA and catalyzes synthesis of the second messenger 2'3'-cGAMP. cGAMP binds to the ER-localized
adaptor protein MITA (also known as STING) to activate downstream antiviral responses. Conversely, HSV-1-
encoded proteins evade antiviral immune responses via a wide variety of delicate mechanisms, promoting viral
replication and pathogenesis. Here, we identified HSV-1 envelop protein UL56 as a negative regulator of cGAS-
mediated innate immune responses. Overexpression of UL56 inhibited double-stranded DNA-triggered antiviral
responses, whereas UL56-deficiency increased HSV-1-triggered induction of downstream antiviral genes. UL56-
deficiency inhibited HSV-1 replication in wild-type but not MITA-deficient cells. UL56-deficient HSV-1 showed
reduced replication in the brain of infected mice and was less lethal to infected mice. Mechanistically, UL56
interacted with ¢cGAS and inhibited its DNA binding and enzymatic activity. Furthermore, we found that UL56
homologous proteins from different herpesviruses had similar roles in antagonizing cGAS-mediated innate im-
mune responses. Our findings suggest that UL56 is a component of HSV-1 evasion of host innate immune re-
sponses by antagonizing the DNA sensor cGAS, which contributes to our understanding of the comprehensive
mechanisms of immune evasion by herpesviruses.
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1. Introduction

Upon infection of microbial pathogens, their conserved structural
components called pathogen-associated molecular patterns (PAMPs) are
recognized by host cellular pattern recognition receptors (PRRs) (Akira
et al., 2006). This results in activation of downstream signaling cascades
that lead to induction of downstream antiviral effector genes including
type I interferons (IFNs) and proinflammatory cytokines, which promote
innate and adaptive immune responses to clear pathogens (Akira et al.,
2006; Hu and Shu, 2018; Medzhitov and Janeway, 2000).

Viral genomic DNA is a major PAMP of DNA virus. Upon infection,
viral DNA is sensed by several cellular proteins (Atianand and Fitzgerald,
2013; Sun et al., 2013; Takaoka et al., 2007; Unterholzner et al., 2010;
Zhang et al, 2011). Among them, cyclic guanosine
monophosphate-adenosine monophosphate (cGAMP) synthase (cGAS)
has been shown to be a general cytosolic sensor of viral double-strand

A IFNB ISRE NF-kB E
5 150 . 1500 o 60 i O Vec
< M cGAS
g 100 1000 40
-
3 50 500 20 HFF
['4
o . o o 0 IFNB1
W S N RS R4
[= <]cGAs [ = =]-cGAS [ = =]-cGAS
[ [-MITA [ J-MITA [ ]-MITA
B HFF
IFNB1 1SG56 CXCL10 L6

Cell Insight 1 (2022) 100014

(ds) DNA (Li et al., 2013; Sun et al., 2013). After binding to dsDNA,
cGAS utilizes ATP and GTP as substrates to catalyze synthesis of the
second messenger 2'3'-cGAMP (Li et al., 2013; Wu et al., 2013). Subse-
quently, cGAMP binds to the endoplasmic reticulum (ER)-located
adaptor protein MITA (also known as STING/MPYS/ERIS) (Ishikawa and
Barber, 2008; Ishikawa et al., 2009; Jin et al., 2008; Sun et al., 2009;
Zhong et al., 2008), which then traffics from the ER via Golgi apparatus
to nuclear punctate structures. In these processes, MITA recruits
TANK-binding kinase 1 (TBK1) and IkB kinase (IKK), leading to activa-
tion of the transcription factors interferon regulatory factor 3 (IRF3) and
nuclear factor-kB (NF-kB), and ultimate induction of downstream anti-
viral genes (Barber, 2014; Hu and Shu, 2020; Zhang and Zhong, 2022, in
press).

Herpes simplex virus type 1 (HSV-1), a member of the alpha
herpesvirus family, infects about two-third of the world populations,
which causes various mild and life-threatening diseases, including oral

Fig. 1. HSV-1 UL56 is an inhibitor of viral DNA-
triggered innate antiviral response. (A) UL56 in-
hibits ¢cGAS-MITA-mediated activation of the IFNp
promoter, ISRE and NF-kB. HEK293-MITA cells
(1x10°) were transfected with the IFNB promoter
(50 ng), ISRE (50 ng) or NF-xB (2 ng) reporter
plasmids, and expression plasmids for cGAS
(100 ng), or an empty vector as well as the UL56
plasmids for 24 h before luciferase assays were
performed. The immunoblot analysis was performed
with the indicated antibodies. (B) UL56 inhibits
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HSV-1- and HCMV-, but not SeV-triggered tran-
scription of antiviral genes in HFFs. HFFs stably-
expressing UL56 or control cells were left unin-
fected or infected with HSV-1 (MOI=1), HCMV
(MOI=1) or SeV (MOI=1) for the indicated times
before qPCR analysis. (C) UL56 inhibits HSV-1-
triggered transcription of antiviral genes. MLFs
stably-expressing UL56 or control cells were left
uninfected or infected with HSV-1 (MOI=1) for the
indicated times before qPCR analysis. (D) Both the
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Fig. 2. UL56-deficiency enhances HSV-1-
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sores, herpetic keratitis, and sometimes meningitis and encephalitis
(Looker et al., 2015; Wagner and Bloom, 1997). HSV-1 is an enveloped
virus with a linear, large dsDNA genome encoding at least 84 proteins
(Whitley and Roizman, 2001). Upon infection, HSV-1 triggers innate
immune responses with distinct mechanisms. It has been shown that
HSV-1 genomes can be sensed by cGAS in the cytoplasm, which signals
MITA/STING-dependent innate antiviral response (Li et al., 2013; Sun
et al., 2013). HSV-1 DNA can be sensed by the nuclear sensor IFI16,
which then signals through MITA/STING by unknown mechanisms
(Unterholzner et al., 2010). Several studies have also suggested that
TLR3 plays a critical role in innate immune responses to HSV-1 (Lafaille
etal., 2012; Zhang et al., 2007). In addition, HSV-1 infection can result in
release of mitochondrial DNA into the cytoplasm, which is sensed by
cGAS (He et al., 2021; West et al., 2015). No matter how HSV-1 is sensed
by the innate immune system, various studies have demonstrated that the
cGAS-MITA/STING pathways are critically involved in innate immune
responses to HSV-1 in various cell types and mice (Hu et al., 2016; Ish-
ikawa and Barber, 2008; Ishikawa et al., 2009; Li et al., 2013; Sun et al.,
2013; Wu et al., 2013). In most individuals, HSV-1 causes latent infection

and is activated under certain circumstances, suggesting that HSV-1
evolves strategies to counteract the host immune responses (Lin and
Zheng, 2019; Su et al., 2016). It has been demonstrated that HSV-1 nu-
clear protein ICPO impairs the nuclear relocalization of IFI16 and its
stabilization (Orzalli et al., 2012); HSV-1 ICP27 interacts with activated
TBK1 via its RGG motif to prevent phosphorylation of IRF3 (Christensen
et al., 2016); HSV-1 ICP6 suppresses necroptosis of infected cells to
facilitate viral replication by targeting RIP1/RIP3 (Guo et al., 2015;
Huang et al., 2015; Wang et al., 2014).

Previously, it has been shown that HSV-1 HFEM strain, which has a
deletion in the promoter region of its UL56 gene, was apathogenic for
tree shrews and mice (Kehm et al., 1996). Replacement of the UL56 gene
in the genome of the avirulent HSV-1 HFEM strain with that of virulent
HSV-1 strain 17 or F, restores the virulent phenotype of the recombinant
viruses (Kehm et al., 1996). These studies suggest that HSV-1 UL56 is a
critical determinant of its virulence.

HSV-1 UL56 protein consists of 234 amino acids, with three PPxY
motifs in its N-terminus and a hydrophobic domain between amino acid
residues 217 and 234 (Kehm et al., 1996; Koshizuka et al., 2002). The
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Fig. 3. UL56 promotes HSV-1 replication. (A) UL56
promotes replication of HSV-1. MLFs stably-expressing
UL56 were infected with HSV-1 (MOI=1) for 48 h. The
infective supernatant was collected for viral plaque as-
says. (B) UL56-deficiency impairs the replication of HSV-
1. MLFs were infected with HSV-1 (MOI=1) or HSV-
1AUL56 (MOI=1) for 48 h, then the infective supernatant
was collected for viral plaque assays. (C) UL56-deficiency
impairs the replication of HSV-1 via the cGAS-MITA axis.
MITA-deficient (Mita-KO) MLFs were infected with HSV-1
(MOI=1) or HSV-1AUL56 (MOI=1) for 48 h, then the
infective supernatant was collected for viral plaque as-
says. (D) Effects of UL56-deficiency on HSV-1 replication
in Vero cells. Vero cells were infected with HSV-1
(MOI=1) or HSV-1AUL56 (MOI=1) for the indicated
times. The infective supernatant was collected for viral
plaque assays. (E) Effects of UL56-deficiency on HSV-1
gene expression. Vero cells were infected with HSV-1
(MOI=1) or HSV-1AUL56 (MOI=1) for the indicated
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(2.5%107 PFU per mouse) for 3 days. The brains were
collected, HSV-1 copy numbers were quantified by gPCR
with primers targeting viral gene UL27. Each symbol
represents an individual mouse, and the copy number of
HSV-1 in the brains of mice infected wild-type HSV-1 was
normalized to 1. (I) Effects of UL56-deficiency on HSV-1-
induced transcription of antiviral genes in the brains of
infected mice. Age- and gender-matched C57BL/6 mice

2000

(n=8 per strain, 7-9 weeks old) were intra-nasally
infected with HSV-1 or HSV-1AUL56 (2.5x107 PFU per

o

UL56 protein is shown as a tail-anchored type II transmembrane protein
and the C-terminal hydrophobic domain is required for anchoring it to
cytoplasmic membranes (Koshizuka et al., 2002). It has also been shown
that the N-terminus of UL56 is crucial for its localization to the Golgi
apparatus and cytoplasmic vesicles (Koshizuka et al., 2002). As a
component of HSV-1 virions, UL56 anchors to the inside of the viral
envelope (Kehm et al., 1994, 1998).

In this study, we identified HSV-1 UL56 as a negative regulator of
cGAS-mediated innate immune signaling. UL56 interacted with cGAS,
and inhibited its binding to DNA and its enzymatic activity. We also
found that UL56 homologs in other herpesviruses had conserved roles in

mouse) for 2 days. The brains were collected for qPCR
analysis. Each symbol represents an individual mouse,
and the transcription of antiviral genes in the brains of
mice infected wild-type HSV-1 was normalized to 1. (J)
Effects of UL56-deficiency on serum levels of CXCL10, IL-
6 and TNF-a induced by HSV-1. Age- and gender-matched
C57BL/6 mice (n=10 per strain, 7-9 weeks old) were
intra-nasally infected with HSV-1 or HSV-1AUL56
(2.5x10” PFU per mouse) or uninfected (n=5) for 10 h
before measurement of the indicated serum cytokines by
ELISA. Each symbol represents an individual mouse.

The data shown are means + SD (A-F) from one repre-
sentative experiment performed in triplicates (3 technical
repeats). Similar data were obtained from at least two
independent experiments. *, p < 0.05; **, p < 0.01
(Student's unpaired t-test for A-F or log-rank test for G-J).

evading cGAS-mediated innate antiviral responses. Our findings reveal a
general mechanism on how HSV-1 and other herpesviruses evade innate

immunity.

2. Results

2.1. HSV-1 UL56 inhibits viral DNA-triggered antiviral response

It has also been shown that HSV-1 UL56 is a critical determinant of its
virulence (Berkowitz C. et al., 1993; Kehm et al., 1996). Therefore, we

attempted to

investigate whether HSV-1 UL56

is involved in



Z.-Q. Zheng et al.

Y*b’\?“‘l:\(('b@b
HA- & O @ & & @

Flag-UL56

IP: Ig oF Ig oF IgoF Ig oF Ig oF Ig oF

IP

-
- - ®llaHA
Lysate
-
- D
=] oriag osr
C GST-UL56:
IP: 0cGAS  IgG His-cGAS:
HSV-1:0 4 8 12 12 (h) Pull-down
-UL56
IP

HA
UL56

+

Cell Insight 1 (2022) 100014

Fig. 4. UL56 interacts with cGAS. (A) Association
of UL56 with cGAS. HEK293T cells were transfected
with the indicated plasmids for 24 h. Co-
immunoprecipitation and immunoblot analysis
were performed with the indicated antibodies. (B)
Co-localization of UL56 with cGAS. HeLa cells stable
expressing Flag-cGAS (green) were transfected with
HA-UL56 (red) for 20 h before confocal microscopy.
Nuclei were stained with DAPI (blue). The cells
were observed with a Nikon confocal microscope
under a 60 x oil objective. (C) Endogenous associ-
ation of UL56 with cGAS following HSV-1 infection.
MLFs were infected with HSV-1 (MOI=0.5) for the
indicated times. Co-immunoprecipitation and
immunoblot analysis were performed with the
indicated antibodies. (D) UL56 directly interacts
with ¢GAS. GST or GST-UL56 was bound to gluta-
thione agarose beads and incubated with purified
His-cGAS for 3 h. Immunoblot analysis was per-
formed with the indicated antibodies.
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antagonizing innate immune response to HSV-1. Since cGAS is an
important innate sensor for HSV-1 infection (Li et al., 2013; Sun et al.,
2013), we firstly determined whether HSV-1 UL56 regulates
cGAS-mediated signaling. As shown in Fig. 1A, overexpression of UL56
markedly inhibited activation of the IFNB promoter, ISRE and NF-kB
mediated by overexpression of cGAS and MITA in 293 cells.

Previously, it has been shown that HSV-1 infection activates the
cGAS-MITA pathways in human primary foreskin fibroblasts (HFFs) and
SV40-immortalized murine lung fibroblasts (MLFs) (Li and Shu, 2020; Li
et al., 2013). We established stable UL56-expressing HFFs and MLFs by
lentiviral-mediated transduction. qPCR analysis indicated that ectopic
expression of UL56 inhibited transcription of downstream antiviral genes
including IFNB1, ISG56, CXCL10 and IL6 induced by infection of HSV-1
and HCMV in HFFs (Fig. 1B). In these experiments, UL56 did not affect
the RNA virus Sendai virus (SeV)-induced transcription of downstream
genes (Fig. 1B). Similarly, UL56 also inhibited HSV-1-triggered tran-
scription of downstream antiviral genes in MLFs (Fig. 1C). Deletion of the
C-terminal transmembrane domain or mutation of the N-terminal PPxY
motifs of UL56 impaired its inhibitory effects on HSV-1-induced tran-
scription of downstream genes (Fig. 1D), suggesting that the proper ac-
tivity and cellular localization of UL56 is important for its inhibition of
innate antiviral responses. Furthermore, we investigated the effects of
UL56 on transcription of antiviral genes induced by UV-inactivated
HSV-1, which can infect host cells but does not undergo viral transcrip-
tion and translation after infection. We found that UV-inactivated HSV-1
induced significantly higher mRNA levels of IFNB1, ISG56, CXCL10 and
IL6 genes than un-treated HSV-1, and ectopic expression of UL56
inhibited transcription of these antiviral genes induced by both
UV-treated and un-treated HSV-1 (Fig. 1E). These results suggest that
UL56 inhibits viral DNA-triggered innate immune responses. Consis-
tently, UL56 markedly inhibited transcription of downstream antiviral
genes induced by transfection of synthetic dsDNAs, including 120-mer
dsDNA representing the genome of HSV-1 (HSV120), dsDNA of approx-
imately 90 bp (dsDNA90), and herring testis DNA (HT-DNA) (Fig. 1F). In
addition, UL56 also inhibited phosphorylation of MITA, TBK1, and IRF3

induced by transfected HSV120 (Fig. 1G). These results suggest that
UL56 negatively regulates DNA-induced innate immune responses.

2.2. UL56-deficiency potentiates HSV-1-triggered antiviral response

To further evaluate the effects of UL56 on HSV-1 immune evasion, we
generated a UL56-deficient HSV-1 strain (HSV-1AUL56) by introducing a
point mutation (C—A) at the 8th nucleotide of the UL56 coding sequence
by bacterial artificial chromosome (BAC) genetic operating system,
which resulted in a premature stop codon at this position. This mutation
was confirmed by sequencing of the parental HSV-1 and HSV-1AUL56
genomes (Fig. S1). Sequence alignment indicated that no other sites in
the HSV-1AUL56 genome were mutated (Fig. S1).

We then examined the effects of UL56-deficiency on HSV-1-triggered
transcription of downstream antiviral genes in various cells including
human monocytic THP-1 cells, HFFs, MLFs, and mouse bone marrow-
derived macrophages (BMDMs). The results indicated that mRNA
levels of antiviral genes induced by HSV-1AUL56 were markedly higher
than those induced by wild-type HSV-1 in these cells (Fig. 2A). Consis-
tently, UL56-deficiency also increased HSV-1-induced phosphorylation
of MITA, TBK1, and IRF3 in THP-1 and MLF cells, (Fig. 2B). However,
UL56-deficiency did not affect the course of viral gene expression in this
stage (Fig. 2C). These results suggest that UL56 plays a pivotal role in
suppression of innate immune responses against HSV-1 infection.

We next investigated the effects of UL56 on HSV-1 immune evasion.
Plaque assays indicated that overexpression of UL56 markedly enhanced
HSV-1 replication (Fig. 3A & S2A). In contrast, HSV-1AUL56 produced
less progeny virions than wild-type HSV-1 after infection in MLFs and
HFFs (Fig. 3B & S2B). To determine whether UL56 promotes HSV-1
replication by impairing cGAS-MITA-mediated innate immune re-
sponses, we infected MITA-deficient MLFs and HFFs with wild-type or
UL56-deficient HSV-1. As shown in Fig. 3C & S2C, comparable amounts
of progeny virions of wild-type and UL56-deficient HSV-1 were detected
in MITA-deficient cells, suggesting that UL56 enhances HSV-1 replication
by antagonizing cGAS-MITA-mediated signaling. Consistently, similar
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Fig. 5. UL56 impairs cGAS binding to viral DNA. (A) UL56 impairs the binding of cGAS to dsDNA. HEK293T cells were transfected with the indicated plasmids.
Twenty-four hours later, the cell extracts were incubated with biotinylated-HSV120 and streptavidin agarose for 3 h. The bound proteins were analyzed by immu-
noblots with the indicated antibodies. (B) MST measurement of binding affinities. Binding affinities between GST-cGAS and the synthetic dsDNA HSV60 in the
presence of UL56 or BSA were measured by MST. (C) UL56 impairs the binding of cGAS to HSV-1 DNA. HEK293T cells were transfected with HA-cGAS and Flag-UL56
or an empty vector for 20 h. After transfection, cells were infected with HSV-1 (MOI=1) for 3 h. The cell lysate was then immunoprecipitated with control mouse IgG
or anti-HA. The protein-bound DNA was extracted and analyzed by qPCR analysis. Specific cGAS-bound DNA amount in each sample was calculated by subtraction of
anti-HA-precipitated DNA minus control mouse IgG-precipitated DNA. The specific cGAS-bound DNA amount from the empty vector-transfected sample was treated as
1.0, and the relative specific cGAS-bound DNA amount from UL56-transfected sample was calculated by dividing the specific raw DNA amount with the specific cGAS-
bound DNA amount from the empty vector-transfected sample. (D) Deficiency of UL56 increases binding of endogenous cGAS to HSV-1 DNA. MLFs were infected with
HSV-1 (MOI=1) or HSV-1AUL56 (MOI=1) for 12 h. The cell lysate was then immunoprecipitated with control mouse IgG or anti-cGAS (mouse). The protein-bound
DNA was extracted and analyzed by qPCR analysis. Specific cGAS-bound DNA amount in each sample was calculated by subtraction of anti-cGAS-precipitated DNA
minus control IgG-precipitated DNA. The specific cGAS-bound DNA amount from HSV-1-infected sample was treated as 1.0, and the relative specific cGAS-bound DNA
amount from HSV1AUL56-infected sample was calculated by dividing the specific raw DNA amount with the specific cGAS-bound DNA amount from the HSV-1-
infected sample. (E) UL56 inhibits HT-DNA- or HSV-1-induced synthesis of cGAMP. THP-1 cells stably-expressing UL56 or control cells were transfected with HT-
DNA for 4 h or infected with HSV-1 (MOI=1) for the indicated times. cGAMP in the cell extracts was measured by ELISA. (F) UL56 inhibits cGAS enzymatic ac-
tivity in vitro. Purified His-cGAS and His-UL56 or BSA were mixed with ATP, GTP, and HT-DNA in the reaction buffer. After incubation, samples were collected for
Mono Q analysis of cGAMP production. (G) Effects of UL56 on cGAMP-induced transcription of antiviral genes. Digitonin-permeabilized MLFs stably-expressing UL56
or control cells (1x10°) were transfected with cGAMP (0.1 ug) for 3 h before qPCR analysis.

The data shown are means + SD (C-E, G) from one representative experiment performed in triplicates (3 technical repeats). Similar data were obtained from at least
two independent experiments. *, p < 0.05; **, p < 0.01 (Student's unpaired t-test).

kinetics of production of wild-type and UL56-deficient HSV-1 virions HSV-1 replication by antagonizing cGAS-mediated innate immune
were observed in Vero cells that are interferon defective (Fig. 3D). responses.

Additionally, qPCR experiments indicated that UL56-deficiency had no To further demonstrate the importance of UL56 in HSV-1 infection
effects on transcription of HSV-1 genome in Vero cells (Fig. 3E). These and pathogenicity in vivo, we intra-nasally infected C57BL/6 mice with
results suggest that UL56 does not affect HSV-1 replication in IFN- wild-type HSV-1 and HSV-1AUL56. We found that mice infected with
deficient cells, which is consistent with previous reports (Soh et al., wild-type HSV-1 developed ataxia and paralysis, and all died by 6 days
2020; Ushijima et al., 2008). We also investigated whether UL56 affects after infection. In contrast, mice infected with HSV-1AUL56 virus had
HSV-1 infection during the early phase. qPCR analysis of viral genomes less pathogenic symptoms and half of the infected mice survived at 10

as indicated by UL1, UL19, UL36, and UL49 genes showed similar levels days after infection (Fig. 3G). In addition, the amounts of HSV-1 genomic
in cells infected with wild-type and UL56-deficient HSV-1 (Fig. 3F & copy numbers of HSV-1AUL56 were ~2% of that of wild-type HSV-1 in
$2D), suggesting that UL56 has no marked effects on HSV-1 infection at the brains of infected mice (Fig. 3H). We also examined the mRNA levels
the early phase. Taken together, these results suggest that UL56 promotes of antiviral genes including Ifnb1, Isg56 and Tnf in the brains of infected
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mice. As shown in Fig. 31, the mRNA level of Ifnb1, Isg56 and Tnf was
markedly increased in the brains of mice infected with HSV-1AUL56.
Moreover, ELISA results showed that, for mice infected with HSV-
1AUL56, the level of serum cytokines such as TNF, IL-6 and CXCL10 was
higher than those infected with wild-type HSV-1 (Fig. 3J). These results
suggest that UL56 acts as a virulence factor for HSV-1 by antagonizing
host innate immune responses.

2.3. UL56 impairs cGAS activation

To further investigate the mechanisms on UL56-mediated inhibition

of innate immune responses, we performed co-immunoprecipitation ex-
periments to identify its potential cellular targets. The results indicated
that UL56 interacted with cGAS but not MITA, TBK1, IRF3, IKKp, or P65
(Fig. 4A). Confocal microscopy showed that ectopically-expressed UL56
was associated with cGAS in the cytoplasm (Fig. 4B). Endogenous co-
immunoprecipitation experiments indicated that UL56 interacted with
cGAS following HSV-1 infection in MLFs (Fig. 4C). GST pull-down assays
with recombinant proteins indicated that UL56 directly bound to ¢cGAS in
vitro (Fig. 4D).

Previous studies have demonstrated that DNA binding of cGAS is
necessary for its enzymatic activity and the downstream signaling
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(Civril et al., 2013; Li et al., 2013). Pull-down assays indicated that
UL56 inhibited the binding of cGAS to the synthetic dsDNA HSV120 in
vitro (Fig. 5A). It is noted that UL56 could also bound to HSV120 in
these experiments (Fig. 5A). Microscale thermophoresis technology
(MST) experiments indicated that cGAS could bind to the Cy5-dyed
synthetic dsDNA HSV60 with an affinity of Kd = 372 + 32 nM,
whereas the presence of UL56 caused an approximately 4.5-fold
decrease of the affinity (Kd =1660 + 30 nM) between cGAS and
dsDNA (Fig. 5B). We also examined whether UL56 inhibits binding of
cGAS to viral DNA in HSV-1 infected cells by “foot-print” experiments.
After HSV-1 infection, cGAS was immunoprecipitated, and its-bound
viral DNA was extracted and analyzed by qPCR with primers target-
ing various regions of HSV-1 genome. The results indicated that over-
expression of UL56 inhibited binding of cGAS to HSV-1 DNA (Fig. 5C).
Consistently, the levels of cGAS-bound viral DNA of HSV-1 AUL56 were
marked higher than those of wild-type HSV-1 following infection of
MLFs (Fig. 5D). These results suggest that UL56 impairs the recognition
of viral DNA by cGAS.

Previously, it has been shown that ¢GAS binding to DNA induces its
enzymatic activation (Li et al., 2013). We found that synthesis of cGAMP
induced by transfected HT-DNA or HSV-1 infection was markedly
reduced by ectopic expression of UL56 in THP-1 cells (Fig. 5E). In vitro
enzymatic assays also indicated that UL56 inhibited the synthesis of
cGAMP by cGAS (Fig. 5F). However, qPCR assays showed that UL56 had
no marked effects on cGAMP-induced transcription of Ifnb1, Il6, and
Cxcl10 genes (Fig. 5G). Taken together, these results suggest that UL56
inhibits ¢cGAS enzymatic activity but not downstream signaling events.

2.4. Conserved functions of herpesvirus UL56 homologs in antagonizing
cGAS

The N-terminal PPxY motifs and C-terminal transmembrane domain
of HSV-1 UL56 are conserved with proteins of other herpesviruses, such
as ORFO of Varicella-zoster virus (VZV), U24 of Human herpesvirus 6A
(HHV-6A), UL42 of Human cytomegalovirus (HCMV), and M42 of Mu-
rine cytomegalovirus (MCMV) (Koshizuka et al., 2016, 2018) (Fig. 6A).
To determine whether UL56 homologs in herpesviruses have conserved
functions, we examined their abilities to inhibit cGAS-mediated innate
immune responses. We found that HSV-1 UL56 homologs, including VZV
ORFO, HHV-6A U24, HCMV UL42 and MCMV M42, inhibited
cGAS-mediated activation of the IFNf promoter, ISRE and NF-B in re-
porter assays (Fig. 6B). qPCR analysis indicated that ectopic expression of
UL56 homologs markedly inhibited transcription of IFNBI and CXCL10
genes induced by HSV-1 infection (Fig. 6C) or transfection of HT-DNA
(Fig. 6D). Co-immunoprecipitation experiments indicated that cGAS
interacted with these UL56 homologs (Fig. 6E). Pull-down assays indi-
cated that the UL56 homologs also impaired cGAS binding to dsDNA
(Fig. 6F). These results suggest that herpesvirus UL56 homologs have an
evolutionarily conserved function in antagonizing cGAS-mediated innate
immune responses.

3. Discussion

Previous studies suggest that UL56 is a critical determinant of viru-
lence of HSV-1 (Berkowitz C. et al., 1993; Kehm et al., 1996). In this
study, we found that UL56 directly targeted cGAS and inhibited
cGAS-mediated innate immune responses. UL56-deficient HSV-1 virus
had much reduced replication in infected mice and was significantly less
pathogenic and lethal to mice. Our findings suggest that UL56 plays a
critical role in evading innate immune responses by HSV-1, and provide
an explanation on the mechanisms of UL56-mediated virulence of HSV-1.

Several experiments suggest that UL56 directly impairs cGAS binding
to viral DNA and its enzymatic activity. Firstly, ectopic expression of
UL56 inhibited transcription of downstream antiviral genes induced by
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DNA viruses including HSV-1 and HCMV but not by the RNA virus SeV.
Second, UL56 interacted with cGAS in vivo and in cells. This interaction
impaired c¢GAS binding to viral DNA as well as its enzymatic activity.
Since UL56 can also bind to viral DNA, it is possible that competition for
viral DNA binding contributes to UL56-mediated inhibition of cGAS
activation. Our experiments also indicated that UL56 inhibited cGAMP
synthesis induced by viral DNA or HSV-1 infection. Consistently, ectopic
expression of UL56 promoted HSV-1 replication, whereas UL56-deficient
HSV-1 showed reduced replication than its wild-type counterpart. These
findings suggest that UL56 plays an important role in antagonizing cGAS-
mediated innate immune responses and contributing to the virulence of
HSV-1. Interestingly, we also found that herpesvirus UL56 homologous
proteins also impaired cGAS-mediated antiviral immune responses,
suggesting an evolutionarily conserved mechanism for the inhibition of
cGAS activity within herpesvirus.

Previously, it has been reported that HSV-1 deamidase UL37 inhibits
cGAS enzyme activity by deamidation (Zhang et al., 2018). HSV-1 UL41
gene encodes the virion host shutoff (vhs) protein, and destabilizes
cellular RNAs including ¢cGAS mRNA (Esclatine et al., 2004; Su and
Zheng, 2017). It has also been shown that other herpesviruses employ a
range of strategies to antagonize cGAS-mediated innate immune re-
sponses, such as HCMV UL31 (Huang et al., 2018) and KSHV ORF52 (Wu
et al., 2015). The simplest explanation is that these viral proteins
antagonize cGAS-mediated innate immune responses at different phases
of infection and/or targets distinct steps of cGAS-mediated signaling
events. Nevertheless, our identification of UL56 as a critical inhibitor of
cGAS provides insight into the mechanisms of innate immune evasion
and virulence of HSV-1 as well as other herpesviruses.

4. Materials and methods
4.1. Reagents, antibodies, cells, and viruses

The following reagents were purchased from the indicated com-
panies. Lipofectamine 2000 (Invitrogen); FuGene (Promega); puromycin
(Thermo Fisher); SYBR Green Supermix (BIO-RAD); polybrene (Milli-
pore); digitonin and HT-DNA (Sigma-Aldrich); 2'3'-cGAMP (Invivogen);
ATP and GTP (TaKaRa); EZ-LINK PSORALEN-PEG3-biotin (Thermo
Fisher); protein G sepharose (GE Healthcare); streptavidin agarose resin
(Thermo Fisher); BSA (Sigma-Aldrich); dual-specific luciferase assay kit
(Promega); 2'3'-cGAMP ELISA kit (Cayman Chemical); ELISA Kkits for
murine IL-6 and TNF-a (BioLegend), and CXCL10 (BOSTER); TIANamp
Genomic DNA kit (TTANGEN).

Mouse antibodies against Flag, and f-actin (Sigma-Aldrich), His and
HA (OriGene), Myc (9B11) (Cell Signaling Technology), HSV-1 ICP27
and ICPO (Abcam); rabbit monoclonal antibodies against HA, phosphor-
MITA (Ser 366), mouse cGAS, phosphor-TBK1/NAK (Ser 172) and
phosphor-IRF3 (Ser 396) (Cell Signaling Technology), cGAS (MB21D1)
(Sigma-Aldrich), TBK1 (Abcam), IRF3 (Proteintech) were purchased
from the indicated companies. Antisera against MITA and UL56 were
generated by immunizing rabbit or mice with purified recombinant MITA
(151-379) and UL56 proteins.

HFFs were provided by Dr. Min-Hua Luo (Wuhan Institute of Virology).
Human embryonic kidney HEK293T (Cat # CRL-11268) and human pe-
ripheral blood monocyte THP-1 (Cat # TIB-202) cells were purchased from
ATCC. MLFs and MITA-deficient MLFs were previously described (Luo
et al., 2016). These cells were cultured in DMEM (Hyclone) or RAPI sup-
plemented with 10% fetal bovine serum (Gibco) and 1%
penicillin-streptomycin (Thermo Fisher Scientific) at 37 °C with 5% COx.

HCMYV (AD169) was provided by Dr. Min-Hua Luo (Wuhan Institute
of Virology, CAS). HCMV stock was prepared on HFFs and the viral titer
was determined by standard TCID50 assays. HSV-1 stock was prepared
on Vero cells and the viral titer was determined by standard plaque
assays.
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4.2. Synthetic dsDNA

HSV120, DNA90 and VACV70 were synthesized based on sequences
previously described (Lian et al., 2018; Zou et al., 2020).

4.3. Plasmids

The pGL3-IFNp promotor, pGL3-ISRE and NF-kB luciferase reporter
plasmids, mammalian expression plasmids for Flag-cGAS or HA-tagged
cGAS, MITA, TBK1, IRF3, IKKp, and p65 were previously described (Fu
et al.,, 2019; Huang et al., 2018). Mammalian expression plasmids for
Flag- or HA-tagged UL56, UL56 mutants including transmembrane
domain-deletion mutant (ATM) and PPxY motif mutants (all Pro in the
PPxY motifs are mutated to Ala), and UL56 homologs were constructed
by standard molecular biology techniques.

4.4. Transfection and reporter assays

HFFs, MLFs, THP-1s were transfected by lipofectamine 2000.
HEK293T cells were transfected by standard calcium phosphate precip-
itation method. Control plasmids were added to ensure that each trans-
fection receives the same amount of total DNA. In reporter assays, pRL-
TK (Renilla luciferase, 0.01 pg) reporter plasmid was transfected as an
internal control. Luciferase assays were performed using a dual-specific
luciferase assay kit (Promega). Firefly luciferase activities were normal-
ized on the basis of Renilla luciferase activities.

4.5. Stable cell lines

HEK293T cells were transfected with two packaging plasmids
(pSPAX2 and pMD2. G) together with empty vector, or the indicated
plasmids by calcium phosphate precipitation. Twelve hours later, the
medium was replaced with DMEM supplemented with 10% fetal bovine
serum and 1% penicillin-streptomycin. Thirty-six hours later, the re-
combinant virus-containing medium was filtered (0.45 pm) and added to
THP-1, HFF, or MLF cells in the presence of polybrene (4-8 pg/mL).
Twenty-four hours post-infection, cells were selected with puromycin
(1-4 pg/mL) for 7 days before experiments.

4.6. Recombinant protein preparation

The cDNAs encoding for cGAS or UL56 was cloned into pET30c-His or
PGEX-6p-1-GST plasmid respectively. The plasmid was transformed into
BL21 or Rosetta E. coli strain. Expression of His-cGAS and UL56 were
induced with 0.5 mM IPTG at 16 °C for 4-6 h. The recombinant proteins
were purified using AKTA pure protein purification system (GE Health-
care) with lysis buffer (20 mM Tris-HCI [pH7.4], 0.5 M NaCl, 20%
glycerin, 0.1% NP-40 and 10 mM imidazole), wash buffer (20 mM Tris-
HCl [pH7.4], 0.5 M NaCl, 20% glycerin and 60 mM imidazole) and
elution buffer (20 mM Tris-HCI [pH7.4], 0.5 M NacCl, 20% glycerin and
500 mM imidazole). Expression of GST-cGAS and UL56 were induced
with 0.5 mM IPTG at 16 °C for 16 h, and the recombinant proteins were
purified with GST resins in PBS and eluted with elution buffer (PBS,
10 mM reduced glutathione). The purified proteins were analyzed by
Coomassie staining and/or immunoblotting analysis.

4.7. Invitro cGAS activity assay

In vitro cGAS activity assay was performed as previously described
(Cui et al., 2017; Huang et al., 2018; Wang et al., 2017). Purified cGAS
(60 pg), UL56 (6 pg) or BSA (6 pg) were mixed in 500 pL reaction buffer
(20 mM HEPES [pH7.4], 5 mM MgCly, 2 mM ATP, 2 mM GTP, and
0.1 mg/mL HT-DNA) and incubated at 37 °C for 1 h. The samples were
then boiled at 95 °C for 5 min to terminate the reaction and centrifuged at
16,000 g for 10 min. The supernatant was filtrated with Amicon Ultra-0.5
mL/10 kD ultrafiltration filter (Millipore) and diluted by 20-folds. The
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sample was subjected to chromatography on a Mono Q 5/50 GL column
(GE Healthcare), equilibrated with buffer A (20 mM Tris-HCI [pH 8.5]),
and eluted with a gradient of buffer B (20 mM Tris-HCI [pH 8.5], 1 M
NaCl) in buffer A from 0 to 50%. The first peak of absorbance of the
elutions indicates the amount of synthetic cGAMP.

4.8. qPCR

Total RNAs were isolated from cells and reverse-transcribed to cDNA
for qPCR analysis to measure mRNA levels of the indicated genes. Data
shown are the relative abundance of the indicated mRNAs normalized to
that of GAPDH. Sequence of primer pairs for qPCR assays are listed in
Supplementary Table S1.

4.9. Co-immunoprecipitation and immunoblot analysis

HEK293T cells (5x10°) or MLFs (1x107) were lysed with | mL NP-40
lysis buffer (20 mM Tris-HCI [pH 7.4], 150 mM NaCl, 1 mM EDTA, 1%
NP-40, 10 pg/mL aprotinin, 10 pg/mL leupeptin and 1 mM phenyl-
methylsulfonyl fluoride) for 30 min on ice. Cell lysates were clarified by
centrifugation at 4 °C, 12,000 rpm for 15 min. For each immunopre-
cipitation, the cell lysate (800 pL) was incubated with the indicated
antibody (0.5 pg) and protein G sepharose beads (25 pL of 1:1 slurry) at
4 °C for 3 h. The protein-bound beads were then collected and washed
three times with 1 mL of lysis buffer containing 0.5 M NaCl. Immuno-
blotting analysis was performed by standard procedures.

4.10. Confocal microscopy

Hela cells were transfected with the indicated plasmids by FuGene.
After transfection for 20 h, the cells were fixed with 4% para-
formaldehyde for 10-15 min on ice and washed with PBS for three times,
then permeabilized with 0.3% Triton X-100 on ice for 10 min and
blocked in 1% BSA for 20 min at room temperature. The cells were then
incubated with the indicated primary antibodies overnight at 4 °C. Alexa
Fluor 488- or 555-conjugated secondary antibodies were incubated with
the cells for 1 h. The nuclei were stained with DAPI for 2 min before
images were acquired using Nikon confocal microscope under a 60 x oil
lens objective.

4.11. Generation of HSV-1 AUL56

HSV-1 recombinant viruses were derived from the pYEbac102 in-
fectious clone of HSV-1 strain F, and recombination was performed in
GS1783 E. coli strain. HSV-1AUL56 was generated using a two-step
markerless recombination system as previously described (Bai et al.,
2019; Tanaka et al., 2003; Tischer et al., 2010; Zou et al., 2020). The
Kana cassette linear fragment was amplified with the following pair of
primers: GCGCGCGGGAGTCGTGGCTTTGGGGCGCATCCATGGCTTaG-
GAGGCGGCGCAACCCGACGAGGATGACGACGATAAGTAGGG; and
CCCCGCGCTCCATAGACCCGCGTCGGGTTGCGCCGCCTCCtAAGCCATG
GATGCGCCCCACAACCAATTAACCAATTCTGATTAG).

4.12. HSV-1 genome sequencing and reads mapping

Genomic DNAs of HSV-1 and HSV-1AUL56 were extracted using
TIANamp Genomic DNA kit (TIANGEN). The viral genomes of HSV-1 and
HSV-1AUL56 were sequenced with the Illumina Miseq platform. The
sequencing reads were mapped against the reference sequence
(GU734771.1) and aligned and visualized as previously described
(Huang et al., 2018).

4.13. Mice experiment

All mice were bred in specific pathogen-free (SPF) conditions and
viral infection experiments in this study were performed at the biosafety
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level 2 facility at the Center for Animal Experiment of Wuhan Institute of
Virology. Animal experiments were conducted without blinding, with
7-9-week-old age- and sex-matched female mice. All animal experiments
were performed in accordance with the Guideline for Animal Care and
Use of Wuhan Institute of Virology, Chinese Academy of Sciences.
C57BL/6 mice were intra-nasally (i.n.) infected with wild-type HSV-1
or HSV-1AULS56 virus (2.5x 107 PFU for each mouse, no more than 50 pL
per mice) (Lian et al., 2018; Zhang et al., 2018, 2020). Mouse survival
was monitored daily for 10 days. Mice from each group were sacrificed at
2- or 3-days post-infection (dpi). Mouse brains were collected, weighed,
and homogenized in TRIzol reagents. RNA was isolated, and HSV-1 copy
number and the transcription of antiviral genes were determined by
gqPCR. Mice for each group were infected for 10 h, and then sera of mice
were collected for measurement of CXCL10, IL-6 and TNF-a by ELISA.

4.14. Viral plaque assay

Infected cells were collected and freeze-thaw three times with liquid
nitrogen. The suspensions were then centrifuged at 13,000 rpm for
15 min, and the supernatants were collected to measure the viral yield by
plaque assays. Vero cells were seeded in 24-well plates, and the cells were
infected by incubation for 2 h at 37 °C with serial dilutions of the viruses.
After infection for 2 h, 0.5% methylcellulose was overlaid, and the plates
were incubated for 48 h. The overlay was removed, and cells were fixed
with 4% paraformaldehyde for 30 min and stained with 1% crystal violet
for 30 min before plaque counting.

4.15. GST pull-down assay

GST-UL56 or GST protein was mixed with glutathione agarose beads
in 1 mL PBS for 3 h at 4 °C. The beads were washed three times with 1 mL
PBS, then mixed with purified His-cGAS protein (50 pg) and incubated
for 3h at 4 °C. The beads were collected and washed three times with PBS
containing 0.5 M NaCl and analyzed by immunoblotting with the indi-
cated antibodies or Coomassie blue (Fu et al., 2017).

4.16. DNA pull-down assay

HSV120 was conjugated to biotin (EZ-link Psoralen-PEG3-biotin) by
UV (365 nm wavelength) irradiation for 1 h. HEK293T cells were lysed
with 1 mL lysis buffer (20 mM Tris-HCI [pH 7.4], 150 mM NaCl, 1 mM
EDTA, 1% NP-40) and the cell lysate was incubated with biotinylated-
HSV120 (8 pg) at 4 °C for 1 h, then followed by incubation with strep-
tavidin agarose for 2 h at 4 °C. The agarose beads were collected and
washed five times with lysis buffer containing 1 M NaCl before immu-
noblotting analysis.

4.17. Microscale thermophoresis technology (MST)

MST analysis was performed using a NanoTemper Monolith NT.155
instrument (NanoTemper Technologies GmbH) (Lian et al., 2018). For
detecting affinity between GST-cGAS to dsDNA, 35 nM Cy5-labeled 60 bp
dsDNA HSV60 (Sangon Biotech, China) was mixed with different con-
centrations of proteins in PBS with 100 mM Tris-HCI [pH8.8]. His-UL56
was added with dsDNA as a cofactor and BSA was used as a negative
control. Samples were loaded into Premium Coated Capillaries and MST
measurements were performed using 20% MST power and 40% LED
power at 25 °C. Laser-on and -off times were 30 and 5 s respectively.
NanoTemper Analysis 1.2.20 software was used to fit the data and to
determine the Kd values.

4.18. Quantification of cGAS-bound viral DNA
HEK293T cells were transfected with HA-cGAS and Flag-UL56 or an

empty vector for 20 h. The cells were then infected with HSV-1 for 1 h,
washed with medium, and cultured for 2 h. Cells were lysed with NP-40
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lysis buffer. The lysate was centrifuged to remove the nucleus and the
supernatant was aliquoted. One aliquot was incubated with protein G
sepharose beads conjugated with an anti-HA antibody or control mouse
IgG at 4 °C for 4 h. The beads were washed 3 times with lysis buffer
containing 1 M NaCl, treated with elution buffer (0.1 M NaHCOs, 1%
SDS) containing protease K for two times at 65 °C and subjected to
phenol-chloroform extraction. The aqueous phase was collected and
mixed with ethanol (2.5 times volume of supernatants), 10% 3M KOAc
pH 5.2, and 1.25% glycogen (5 mg/mL) and stored at —20 °C overnight.
DNA was precipitated by centrifugation at 12,000 rpm for 30 min at 4 °C.
The precipitated DNA was washed with 75% ethanol and air-dried before
resuspension in ddH,0 and used for quantification of the indicated HSV-
1 genes by qPCR.

Ethics statement
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Statistics

Unpaired Student's t-test and log-rank test were used for statistical
analysis with GraphPad Prism Software; *, P < 0.05; **, P < 0.01.
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