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ABSTRACT TANK-binding kinase 1 (TBK1) is a key component of the antiviral im-
munity signaling pathway. It activates downstream interferon regulatory factor 3
(IRF3) and subsequent type | interferon (IFN-I) production. Herpes simplex virus type
1 (HSV-1) can antagonize host antiviral immune responses and lead to latent infec-
tion. Here, HSV-1 tegument protein UL46 was demonstrated to downregulate TBK1-
dependent antiviral innate immunity. UL46 interacted with TBK1 and reduced TBK1
activation and its downstream signaling. Our results showed that UL46 impaired the
interaction of TBK1 and IRF3 and downregulated the activation of IRF3 by inhibiting
the dimerization of TBK1 to reduce the IFN-I production induced by TBK1 and im-
munostimulatory DNA. The IFN-I and its downstream antiviral genes induced by
UL46-deficient HSV-1 (AUL46 HSV-1) were higher than those of wild-type HSV-1 (WT
HSV-1). In addition, the stable knockdown of TBK1 facilitated the replication of
AUL46 HSV-1, but not WT HSV-1. Together, these findings reveal a novel mechanism
of immune evasion by HSV-1.

IMPORTANCE HSV-1 has evolved multiple strategies to evade host antiviral re-
sponses and establish a lifelong latent infection, but the molecular mechanisms by
which HSV-1 interrupts antiviral innate immunity are not completely understood. As
TBK1 is very critical for antiviral innate immunity, it is of great interest to reveal the
immune evasion mechanism of HSV-1 by targeting TBK1. In the present study, HSV-1
UL46 was found to inhibit the activation of IFN-I by targeting TBK1, suggesting that
the evasion of TBK1 mediated antiviral innate immunity by HSV-1 UL46. Findings in
this study will provide new insights into the host-virus interaction and help develop
new approaches against HSV-1 infection.

KEYWORDS HSV-1, IRF3, TBK1, UL46, type | IFN

iral infection triggers the innate immune response and subsequent production of

type | interferon (IFN-I) and other antiviral factors, which constitute the first line of
defense against virus invasion. The pathogen recognition receptors (PRRs) detect
structurally conserved pathogen-associated molecular patterns (PAMPs) generated
during the pathogen life cycle, which then activates the IFN-I signaling pathway
cascade (1, 2). For DNA virus infection, cytosolic DNA sensors, such as cyclic GMP-AMP
synthase (cGAS), bind to aberrant double-stranded DNA (dsDNA) and produce cyclic
GMP-AMP. The latter, an important secondary messenger in the cytoplasm, activates
stimulator of interferon gene (STING) and then recruits TANK-binding kinase 1 (TBK1),
which leads to TBK1 dimerization and phosphorylation. These cascade reactions pro-
mote TBK1 kinase activity and phosphorylate interferon regulatory factor 3 (IRF3),
which then leads to IRF3 nuclear localization and IFN-I production (3-5). Therefore,
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TBK1 is a key adaptor protein for antiviral immunity signaling pathway. It is constitu-
tively expressed, and IRF3 activation is attenuated in TBK1-deficient cells (6).

Herpes simplex virus 1 (HSV-1), a number of the alphaherpesvirus subfamily, is a
large linear double-stranded DNA virus that encodes more than 80 proteins. HSV-1 has
the capacity to counteract host antiviral innate immune response by its viral proteins
and establish a lifelong latent infection (7). HSV-1 tegument protein UL46 is a tyrosine-
phosphorylated protein that accumulates late in viral infection. Despite its abundance,
UL46 is required for the benefit of the virus even though it is not essential for viral
replication in cells. During infection, UL46 is delivered into the cytoplasm as multiple
punctate structures, and intracellular UL46 associates with both cellular membranes
and viral capsids (8, 9). Previous studies proposed that when UL46 is bound to VP16, the
promotion of the VP16-dependent transcriptional induction of genes (10) occurs. UL46
interacts with the lymphocyte-specific Src family kinase (SFK) Lck or Lck signaling
complexes and activates Lck during HSV-1 infection. UL46 can be strongly tyrosine
phosphorylated in lymphocytes depending on the activity of Lck for the benefit of the
virus. The SFK-dependent phosphorylation of UL46 was required for UL46-
phosphatidylinositol 3-kinase (PI3K) interactions and the activation of AKT during HSV-1
infection to modulate cellular signaling pathways (11-13). In addition, it is also impor-
tant to reveal the role of UL46 in immune evasion of HSV-1. Recent studies showed that
UL46 interacted with STING and eliminated the transcripts of both STING and IFI16 to
suppress innate immune responses and became beneficial for HSV-1 infection (14).
However, the underlying mechanism by which UL46 counteracts the host antiviral
innate immune response is still elusive.

In the present study, we identified UL46 as a negative regulator of antiviral innate
immunity by binding to TBK1. This impairs TBK1 activation and suppresses TBK1-
mediated IFN-I signaling. We found that UL46 reduced the dimerization of TBK1 and
impaired the interaction between TBK1 and IRF3 to inhibit the activation of IRF3.
Additionally, our study demonstrated that the IFN-B and its downstream IFN-stimulated
genes (ISGs) induced by UL46-deficient HSV-1 (AUL46 HSV-1) were higher than those of
wild-type HSV-1 (WT HSV-1). UL46 inhibited activation of the IFN-I signaling pathway
which was induced by immunostimulatory DNA (ISD). In addition, stable knockdown of
TBK1 facilitated the replication of AUL46 HSV-1, but not WT HSV-1. In summary, these
findings provide new insights into the host-virus interaction and reveal a novel mech-
anism of immune evasion by HSV-1.

RESULTS

UL46 inhibits IFN- signaling pathway stimulated by TBK1. To evaluate whether
individual viral proteins could regulate the TBK1-mediated IFN-B pathway, HEK293T
cells were cotransfected with IFN-B-Luc reporter, pRL-TK and TBK1 expression plasmid,
along with vector plasmid or HSV-1 protein plasmids to screen for viral proteins that
could inhibit IFN-B promoter activation by dual-luciferase reporter (DLR) assays. We
found that ectopic expression of TBK1 activated the IFN-B promoter in HEK293T cells,
and cotransfection of UL46, but not VP22, which has been reported to inhibit the
production of IFN-B by targeting cGAS (15), significantly inhibited the activation of the
IFN-B promoter (Fig. 1A). Further studies showed that ectopic expression of UL46 did
not inhibit activation of the IFN-B promoter driven by the active form of IRF3 (IRF3/5D),
which consists of 5-amino-acid-residue mutation in the C-terminal domain of IRF3 and
leads to its nuclear translocation and activates IFN-B promoter directly (Fig. 1C). Also,
as shown in Fig. 1B and D, UL46 inhibited the accumulation of IFN-B8 mRNA induced by
TBK1, but not IRF3/5D. Collectively, these results suggest that UL46 specifically inhibits
the IFN-B production induced by TBK1.

HSV-1 inhibits IFN- activation by UL46. To investigate the function of UL46 on
the IFN-B signal pathway in the context of HSV-1 infection, we examined the expression
of IFN-B and its downstream ISGs in human foreskin fibroblast (HFF) cells infected with
WT HSV-1 or AUL46 HSV-1, and quantitative reverse transcription-PCR (qRT-PCR) was
performed to measure IFN-B, ISG54, and I1SG56 mRNA accumulation. As shown in

May/June 2019 Volume 10 Issue 3 e00919-19

mBio’

mbio.asm.org 2


https://mbio.asm.org

HSV-1 UL46 Inhibits TBK1-Mediated Signaling

A IFN-8 Luc C IFN-B Luc
*kk
250- | | 250
200 200
s S
- -t
S 1501 S 1501
i °
< i < i
3 10 < 100
[<] [<]
w 50 ) 50
0- o4
TBKI-Flag — — + + + IRF3/5D-Flag ~ — + + +
UL46-Myc ~ — = + = UL46-Myc ~ — = + =
VP22-Myc ~ — - - + VP22-Myc  — - - +
TBKI-Flag — — — IRF3/5D-Flag | — — — |
UL46-Myc | -— | UL46-Myc — |
e
VP22-Mye | | VP22-Myc | —-—— |
B-acti"| .“~| Bactin | S S ——
B D
c
° c
@ 250- 2 2004
5 o
S 2007 ¥ 1501
[ ()
2 o
T 150 2
] 5 100
- [3]
- S
% 100 <
50+
E  50- &
oy e
E o z

FIG 1 UL46 inhibits the IFN-B signaling pathway induced by TBK1. (A and C) HEK293T cells were transfected with
IFN-B-Luc reporter, pRL-TK and TBK1-Flag (A), IRF3/5D-Flag (C) along with vector, UL46-Myc or VP22-Myc plasmid.
Cells were harvested at 24 h after transfection and subjected to DLR assay. The expression of TBK1, IRF3/5D, and
UL46 were analyzed by WB using anti-Flag, anti-Myc, and anti-B-actin (as a control) MAbs. (B and D) HEK293T cells
were transfected with TBK1-Flag (B) or IRF3/5D-Flag (D) along with vector, UL46-Myc or VP22-Myc plasmid for 24 h,
and the cells were harvested and subjected to qRT-PCR analysis. The data represent results from one of the
triplicate experiments. Error bars represent SDs from three independent experiments. Statistical analysis was
performed using Student’s t test with GraphPad Prism 5.0 software. Values that are significantly different are
indicated by bars and asterisks as follows: **, 0.001<P < 0.01; ***, P < 0.001.

Fig. 2A, the IFN-B production induced by AUL46 HSV-1 was significantly higher than
that of WT HSV-1 in HFF cells from 6 to 12 h, and similar results were found for ISG54
and ISG56 (Fig. 2B and Q). These data indicated that UL46 downregulated the activation
of the IFN-I signaling pathway. To further confirm the role of UL46 in immune evasion
by HSV-1, HFF cells were infected with WT HSV-1 or AUL46 HSV-1 for 2 h and then
transfected with immunostimulatory DNA (ISD), a double-stranded DNA 60-mer oligo-
nucleotide derived from the HSV-1 genome with a high capacity to induce IFN-B
production. Cells were also harvested and subjected to gRT-PCR to analyze IFN-, ISG54,
and ISG56 mRNA. As shown in Fig. 2D to F, infection of HFF cells with WT HSV-1, but
not AUL46 HSV-1, significantly inhibited the accumulation of IFN-B, ISG54, and ISG56
mRNA induced by ISD, suggesting that HSV-1 UL46 inhibited the production of IFN-
induced by ISD. To confirm this assertion, ELISAs were performed to measure the
secretion of IFN-B in the supernatant of HFF cells infected by WT HSV-1 or AUL46 HSV-1
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FIG 2 HSV-1 downregulates the production of both IFN-B and ISGs via UL46. (A to C) HFF cells were infected with WT HSV-1 or AUL46 HSV-1
at an MOI of 5 for the indicated times (hpi, hours postinfection), and total RNA was extracted and used for quantification of the IFN-g (A), ISG54
(B), and 1SG56 (C) by qRT-PCR. (D to G) HFF cells were infected with WT HSV-1 or AUL46 HSV-1 (MOI = 5) for 2 h, then the cell medium was
replaced, and cells were transfected with ISD (2 wg/ml) using Lipofectamine LTX. (D to G) Cells were harvested and subjected to qRT-PCR analysis
at 7 h posttransfection (D to F) or ELISA analysis (G) at 18 h posttransfection. (H and I) HFF cells were infected and transfected as described for
panel D, and then the cells were harvested at 7 h posttransfection and subjected to WB analysis to detect the phosphorylation of TBK1 (pTBK1)
and IRF3 (pIRF3) (H) and native PAGE to detect IRF3 dimerization (1). The levels of pTBK1 and pIRF3 were quantified using densitometry analysis.
The data represent results from one of the triplicate experiments. Statistical analysis was performed using Student’s t test with GraphPad Prism
5.0 software. Statistical significance symbols: *, 0.01<P < 0.05; **, 0.001<P < 0.01; ***, P < 0.001.
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followed by the transfection with ISD. IFN-B was significantly decreased in cells infected
with WT HSV-1, while AUL46 HSV-1 infection recovered IFN-B production to a certain
extent (Fig. 2G).

In the IFN-I signal pathway, IRF3 is a key transcription factor activated by TBK1. After
the activation of the IFN-I signal pathway, TBK1 is phosphorylated and then activates
IRF3 by phosphorylation and dimerization of the latter to stimulate IFN-I production.
These are hallmarks of early antiviral responses mediated by IFN-I. To confirm the
inhibitory effect of UL46 on the IFN-I signal pathway, the phosphorylation of TBK1 and
IRF3 was detected in HFF cells during viral infection. As shown in Fig. 2H, ISD alone
induced robust phosphorylation of TBK1 and IRF3. However, infection with WT HSV-1,
but not AUL46 HSV-1, inhibited the phosphorylation of TBK1 and IRF3 induced by ISD,
which is critical for IFN-I production. We also found that infection with WT HSV-1
inhibited the dimerization of IRF3 induced by ISD, while infection with AUL46 HSV-1
resumed dimerization of IRF3 to a certain extent (Fig. 2I). Collectively, these results
indicated that UL46 plays an important role in immune evasion by HSV-1.

UL46 associates with TBK1 and inhibits activation of TBK1. Previous studies
showed that homodimerization and phosphorylation of TBK1 are required for its
activation (16-18). The activated TBK1 phosphorylates IRF3 and leads to the latter
nuclear translocation and activation by binding to IRF3 (1, 2, 19). To clarify the
underlying molecular mechanism by which UL46 inhibited the IFN-I signal pathway, a
coimmunoprecipitation (co-IP) assay was employed to investigate the interaction
between UL46 and TBK1 and the interaction of TBK1 with TBK1 or IRF3 in the presence
or absence of ectopic expression of UL46. As shown in Fig. 3A and B, UL46 associated
with TBK1. Overexpression of exogenous TBK1 would promote its self-association and
autoactivation. Then the activated TBK1 initiates IRF3 activation to induce IFN-B
expression by combination with IRF3. Interestingly, the association of UL46 with TBK1
inhibited the homodimerization of TBK1 and the interaction between TBK1 and IRF3
(Fig. 3C). These results suggested that UL46 directly inhibited TBK1 activation. Further-
more, ectopic expression of UL46 distinctly inhibited the phosphorylation of IRF3
stimulated by TBK1 (Fig. 3D). Finally, the immunofluorescence assay was performed in
HEK293T cells transfected with IRF3-YFP along with vector plasmid or TBK1 expression
plasmid following WT HSV-1 or AUL46 HSV-1 infection. As shown in Fig. 3E, IRF3
remained in the cytoplasm when expressed alone and ectopic expression of TBK1
induced nuclear translocation of IRF3 in 95% of cells. WT HSV-1 infection prevented the
nuclear translocation of IRF3 induced by TBK1 in more than 65% of cells. However,
AUL46 HSV-1 resumed the nuclear translocation of IRF3 in about 80% of cells. Taken
altogether, these results indicated that UL46 prevented IFN-B activation by inhibiting
TBK1 activation.

TBK1 mediates the defense against the replication of AUL46 HSV-1. Previous
studies have revealed that the activation of TBK1 elicits a potent antiviral response,
while the aforementioned data suggested that HSV-1 infection inhibited activation of
the IFN-B pathway by targeting TBK1. To better delineate the antiviral role of TBK1 on
HSV-1 replication, the stably transfected L929-shNC (NC stands for negative control)
and L929-shTBK1 cells were constructed. Western blot (WB) analysis was performed to
evaluate the knockdown efficiency of TBK1 RNA interference (RNAi) plasmid. HEK293T
cells were transfected with TBK1-Flag and pSUPER-shNC or pSUPER-shTBK1 plasmids,
and then cells were harvested and subjected to WB analysis (Fig. 4A). L929 cells were
transfected with pSUPER-shTBK1 or pSUPER-shNC plasmid to screen for stably trans-
fected cell lines. As shown in Fig. 4B, the expression of endogenous TBK1 in L929-
shTBK1 cells was markedly decreased compared to that in L929-shNC cells. Then, the
stably transfected L929-shNC and L929-shTBK1 cells were infected with WT HSV-1 or
AUL46 HSV-1 and harvested at the indicated time points for WB analysis and viral
plaque assay. The levels of expression of UL42 in L929-shNC and L929-shTBK1 cells were
similar upon WT HSV-1 infection, while protein levels of UL42 were increased in
L929-shTBK1 cells compared to those in L929-shNC cells upon AUL46 HSV-1 infection
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FIG 3 UL46 associates with TBK1 and inhibits the activation of TBK1. (A and B) HEK293T cells were transfected with TBK1-Flag and UL46-Myc for
36 h. The cells were lysed, and the extracts were subjected to IP with anti-Flag MAb (A), anti-Myc MAb (B), or control IgG. Precipitates were
analyzed by WB. (C) HEK293T cells were transfected with both TBK1-Flag and TBK1-HA along with UL46-Myc or vector plasmid. The cells were
harvested at 36 h posttransfection and subjected to IP with anti-Flag MAb or control IgG. Precipitates were analyzed by WB. IB, immunoblotting.
(D) HEK293T cells were transfected with TBK1-Flag along with UL46-Myc or vector plasmid for 24 h. Cells were harvested and subjected to WB
analysis to detect IRF3 phosphorylation (pIRF3), and the levels of pIRF3 were quantified using densitometry analysis. (E) HEK293T cells were
infected with WT HSV-1 or AUL46 HSV-1 for 2 h and then transfected with IRF3-YFP along with vector or TBK1-Flag for 24 h. Cells were stained
with mouse anti-Flag MAb, and TRITC-conjugated goat anti-mouse (red) antibodies were used as the secondary antibodies. Cell nuclei (blue) were
stained with Hoechst 33258. The images were obtained by confocal microscopy. The data represent results from one of the triplicate experiments.
Error bars represent SDs from three independent experiments. Statistical analysis was performed using Student’s t test with GraphPad Prism 5.0
software. **, 0.001<P < 0.01; ***, P < 0.001.

(Fig. 4C). Similarly, viral plaque assay also demonstrated that knockdown of TBK1 did
not affect the replication of WT HSV-1 but facilitated the replication of AUL46 HSV-1
(Fig. 4D and E). Collectively, these data indicated that TBK1 mediated the defense
against the replication of AUL46 HSV-1.
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FIG 4 TBK1 mediates the defense against the replication of AUL46 HSV-1. (A) HEK293T cells were transfected with TBK1-Flag and pSUPER-shNC
or the indicated pSUPER-shTBK1 plasmids, and cells were harvested at 72 h posttransfection and subjected to WB analysis. (B) WB analysis of
endogenous TBK1 using cell lysates of L929-shNC and L929-shTBK1 cells. (C to E) The stably transfected L929-shNC and L929-shTBK1 cells were
infected with WT HSV-1 or AUL46 HSV-1 at an MOI of 1, then harvested at the indicated time points postinfection, and subjected to WB analysis
(C) or viral plaque assay on Vero cells (D and E). The data represent results from one of the triplicate experiments. Statistical analysis was
performed using Student’s t test with the GraphPad Prism 5.0 software. *, 0.01<P < 0.05.

DISCUSSION

The innate immune system is the first line of host defense against invading
pathogens, and IFN-I is particularly important for early control of viral infection. To
successfully establish and maintain infection, HSV-1 has the ability to evade host
antiviral machinery and facilitate viral infection and replication. Previous studies
showed that HSV-1 proteins such as US3, ICPO, VP16, UL42, UL24, VP22, UL36USP, US11,
and UL41 can inhibit IFN-I production and NF-«B activation by targeting IRF3, p65, IkBa,
or cGAS (15, 20-29). In addition, HSV-1 inhibits the expression of ISGs to facilitate its
own replication in host cells (30-33). To further reveal the underlying molecular
mechanism of immune evasion by HSV-1, we used WT HSV-1 and HSV-1 with specific
genes deleted to identify UL46 as a critical factor to downregulate the IFN-I signaling
pathway.

During HSV-1 infection, both RNA and DNA of viruses would stimulate IFN-I pro-
duction. TBK1 sits at the center of antiviral innate immune responses to both the DNA
and RNA sensing pathways, so the screening of HSV-1 proteins to inhibit activation of
IFN-1 by TBK1 would in turn deepen our understanding of the underlying immune
evasion mechanisms by HSV-1. Previous studies showed that ICP34.5 formed com-
plexes with TBK1 and prevented production of interferon and ISGs (34), and ICP27
interacted with TBK1 and STING, which then inhibited IFN-I production that is depen-
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dent on the RGG motif of ICP27 (35). A recent study showed that US11 disrupted the
HSP90-TBK1 complex by binding to HSP90 to inhibit antiviral immunity (36). To further
refine our understanding of the underlying molecular mechanisms of HSV-1 by target-
ing TBK1, a screening assay was performed to identify viral proteins that could inhibit
IFN-B promoter activation triggered by TBK1, and HSV-1 tegument protein UL46 was
shown to inhibit TBK1-mediated IFN-I production.

In this study, ectopic expression of UL46 was shown to significantly affect the
production of IFN-B and ISGs induced by TBK1, but not IRF3/5D, indicating that UL46
inhibited the IFN-I signaling pathway at TBK1 or upstream of TBK1. VP22 was demon-
strated to interact with cGAS and inhibit the enzymatic activity of cGAS to downregu-
late the IFN-B production (15). Therefore, VP22 was used as a negative control to
confirm that UL46 specifically inhibited TBK1-mediated IFN-B activation. Then viral
infection was used to verify the role of UL46 in IFN-B production. Infection with AUL46
HSV-1, but not WT HSV-1, resumed the production of IFN-B. Moreover, infection with
WT HSV-1, but not AUL46 HSV-1, inhibited IFN-B production induced by ISD. Then
further studies revealed that UL46 disrupted the self-dimerization of TBK1 and the
subsequent phosphorylation of IRF3 via interaction with TBK1, leading to reduction of
IRF3 nuclear transport induced by TBK1. Moreover, the stable knockdown of TBK1
significantly facilitated the replication of AUL46 HSV-1 but not WT HSV-1. These results
further confirmed the contribution of immune evasion by UL46. A recent report showed
that constitutively expressing UL46 eliminated the accumulation of transcripts of both
STING and IFI16 to block innate immunity, while the protein level of STING remained
stable throughout infection with the wild-type virus or the AUL46 virus (14). Our results
demonstrated that the level of STING protein was not affected during both WT HSV-1
and AUL46 HSV-1 infection, which was consistent with previous reports (14). We found
that UL46 interacted with TBK1. However, we did not find that UL46 promoted STING
degradation. In our studies, transient transfection, but not stable transfection, was
employed for ectopic expression of UL46, and the expression of STING was not affected
by UL46 (data not shown). Under this circumstance, the potential role of UL46 on STING
was excluded. UL46 was shown to directly inhibit the activation of TBK1, downstream
of STING. Such a role of UL46 in IFN-I production was more direct and more effective,
and a novel immune evasion mechanism by UL46 was demonstrated during viral
infection.

In summary, HSV-1 tegument protein UL46 was shown here for the first time to
counteract the activation of the IFN-I signal pathway by targeting TBK1. It inhibited the
IFN-I production by UL46-TBK1 interaction, which affected the activity of TBK1 and
eventually facilitated viral replication. Our findings in this study would be important for
understanding the interaction between HSV-1 replication and host antiviral immune
response.

MATERIALS AND METHODS

Cells, viruses, and antibodies. HEK293T, HFF, L929, and Vero cell lines were obtained from the
American Type Culture Collection (Manassas, VA) and cultured in Dulbecco’s modified Eagle medium
(DMEM) (Gibco-BRL) supplemented with 10% fetal bovine serum (FBS) and 100 U/ml of penicillin and
streptomycin. The WT HSV-1 KOS strain and AUL46 HSV-1 were propagated in Vero cells and titrated as
previously described (13). The protease inhibitor mixture cocktail was purchased from Thermo Fisher
Scientific (MA, USA). RIPA lysis buffer was purchased from Beyotime (Shanghai, China). Mouse anti-HA,
anti-Myc, and anti-Flag monoclonal antibodies (MAbs) were purchased from Abmart (Shanghai, China).
Mouse anti-B-actin MAb were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit
anti-IRF3, anti-TBK1, anti-UL42, and anti-UL46 polyclonal antibodies (PAbs) were made by GL Biochem
Ltd. (Shanghai, China). Phospho-IRF-3 (Ser396) and phospho-TBK1 were purchased from Cell Signaling
Technology (Danvers, MA, USA).

Plasmid construction. All enzymes used for cloning procedures were purchased from Vazyme
(Nanjing, China). UL46-Myc, pcDNA3.1-Flag-TBK1, pcDNA3.1-HA-TBK1, and IRF3-YFP expression plasmids
were constructed by standard molecular biology techniques. Small hairpin RNA specific for TBK1 (shTBKT1)
and scrambled small hairpin RNA as a negative control (shNC) were cloned into pSUPER.retro.puro vector
(Oligoengine, LA) to yield pSUPERshTBK1 and pSUPER-shNC plasmids, respectively, as described in our
previous study (31). The shTBK1 primers were as follows: forward, 5'-GATCCCCTGCGTATGGACTTCCAG
AATTCAAAGATTCTGGAAGTCCATA CGCATTTTTA-3’, and reverse, 5'-AGCTTAAAAATGCGTATGGACTTCCA
GAATCTCTTGAATTCTGGAAGTCCATACGCAGGG-3'. A commercial reporter plasmid of pRL-TK was pur-
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chased from Promega Corporation (Madison, WI, USA). Other plasmids used include the following:

pcDNA3.1-Flag-TBK1 (37), IRF3/5D (38), and IFN-B promoter reporter plasmid (39).
Co-IP and Western blot analysis. Co-IP assays and Western blot (WB) analysis were performed as

previously described (40). Briefly, cells were transfected with plasmids as indicated in the figure legends.
Harvested cells were lysed on ice with lysis buffer. The lysates were incubated with the antibodies
referred to in the figure legends and protein A/G Plus-Agarose (Santa Cruz Biotechnology) overnight at
4°C. The beads were washed three times with lysis buffer, and WB analysis was performed as previously
described to detect the interaction of proteins (28).

RNA isolation and qRT-PCR. Total RNA was extracted using TRIzol (Invitrogen, California) according

to the manufacturer’s manual. Samples were dissolved with RNase-free water, digested with DNase |, and
then subjected to reverse transcription as previously described. The cDNA was used as the template for
gRT-PCR to detect the levels of IFN-B and ISGs, and 18S rRNA was used as an internal reference as
previously described (32). The primers used in gPCR follow: for IFN-B, forward, 5'-CCAACAAGTGTCTCC
TCCAAAT-3’, and reverse, 5'-AATCTCCTCAGGGATGTCAAAGT-3’; for ISG54, forward, 5'- CTGCAACCATGA
GTGAGAA-3’, and reverse, 5'-CCTTTGAGGTGCTTTAGATAG-3’; for ISG56, forward 5'- TACAGCAACCATGAG
TACAA-3’, and reverse, 5'-TCAGGTGTTTCACATAGGC-3'; for 18S rRNA, forward 5’- CGGCTACCACATCCA
AGGAA-3’, and reverse, 5'-GCTGGAATTACCGCGGCT-3'.

Transfection and dual-luciferase reporter (DLR) assays. HFF cells and L929 cells were transfected

with Lipofectamine LTX (Invitrogen, CA, USA) according to the manufacturer's recommendations.
HEK293T cells were transfected with reporter plasmids, such as IFN-B-Luc and internal control plasmid
PRL-TK, with or without expression plasmids, as indicated, by Lipofectamine 2000 (Invitrogen, CA, USA).
At 24 h posttransfection, luciferase assays were performed with a dual-specific luciferase assay kit
(Promega, Madison, WI) as described in our previous studies (24, 41).

ELISA. Concentrations of the IFN-B in cell culture supernatants were determined by VeriKine Human

Interferon Beta ELISA kit from PBL Assay Science (Piscataway, NJ, USA), according to the manufacturer’s
instructions.

Native PAGE. Native polyacrylamide gel electrophoresis (PAGE) was performed using ReadyGels

(7.5%; Bio-Rad) as described in our previous study (23). Briefly, gels were prerun with 25 mM Tris and
192 mM glycine (pH 8.4) with 1% deoxycholate (DOC) in the cathode chamber for 30 min at 40 mA.
Samples in native sample buffer (10 ug protein, 62.5 mM Tris-Cl [pH 6.8], 15% glycerol, and 1% DOC)
were size fractionated by electrophoresis at 80 V and transferred to PVDF membranes for WB analysis.

Immunofluorescence assays. Imnmunofluorescence assays were performed as described previously

(42). In brief, HEK293T cells were infected with WT HSV-1 or AUL46 HSV-1 for 2 h and then transfected
with the IRF3-YFP along with TBK1-Flag or vector plasmid for 24 h and then fixed in 4% paraformalde-
hyde. Cells were incubated with mouse anti-Flag MAb (diluted 1:1000), followed by incubation with
tetramethyl rhodamine isocyanate (TRITC)-conjugated goat anti-mouse IgG (Sigma-Aldrich). After each
incubation step, cells were washed extensively with phosphate-buffered saline (PBS). Samples were
analyzed by using a confocal microscope.

Establishment of TBK1 stable knockdown L929 cells. L929 cells were transfected with pSUPER-

shTBK1 or pSUPER-shNC for 48 h, and then puromycin was added to the cells at a concentration of
1,000 ng/ml to screen the transfected cells. The stably transfected L929-shNC and L929-shTBK1 cells were
then cultured with puromycin (500 ng/ml).

Statistical analysis. Data were represented as means = standard deviations (SDs) when indicated,

and Student'’s t test was used for all statistical analyses with the GraphPad Prism 5.0 software. Differences
between groups were considered significant when P value was <0.05.

ACKNOWLEDGMENTS

Smiley for AUL46 HSV-1.

We thank Rongtuan Lin for plasmid IRF3/5D, Takashi Fujita for IFN-B-Luc, and Jim

Work in Chunfu Zheng's laboratory relevant to this article was supported by grants

from the National Natural Science Foundation of China (81571974 and 81772182).

REFERENCES

1.

2.

5.

Akira S, Uematsu S, Takeuchi O. 2006. Pathogen recognition and innate
immunity. Cell 124:783-801. https://doi.org/10.1016/j.cell.2006.02.015.

Cunha A. 2012. Innate immunity: pathogen and xenobiotic sensing -
back to basics. Nat Rev Immunol 12:400. https://doi.org/10.1038/
nri3237.

. Sun L, Wu J, Du F, Chen X, Chen ZJ. 2013. Cyclic GMP-AMP synthase is

a cytosolic DNA sensor that activates the type | interferon pathway.
Science 339:786-791. https://doi.org/10.1126/science.1232458.

. Cai X, Chiu YH, Chen ZJ. 2014. The cGAS-cGAMP-STING pathway of

cytosolic DNA sensing and signaling. Mol Cell 54:289-296. https://doi
.org/10.1016/j.molcel.2014.03.040.

Wu J, Sun L, Chen X, Du F, Shi H, Chen C, Chen ZJ. 2013. Cyclic GMP-AMP
is an endogenous second messenger in innate immune signaling by
cytosolic DNA. Science 339:826-830. https://doi.org/10.1126/science
.1229963.

May/June 2019 Volume 10 Issue 3 e00919-19

. Hemmi H, Takeuchi O, Sato S, Yamamoto M, Kaisho T, Sanjo H, Kawai T,

Hoshino K, Takeda K, Akira S. 2004. The roles of two lkappaB kinase-
related kinases in lipopolysaccharide and double stranded RNA signaling
and viral infection. J Exp Med 199:1641-1650. https://doi.org/10.1084/
jem.20040520.

. Zheng C. 2018. Evasion of cytosolic DNA-stimulated innate immune

responses by herpes simplex virus 1. J Virol 92:e00099-17. https://doi
.org/10.1128/JVI.00099-17.

. Murphy MA, Bucks MA, O'Regan KJ, Courtney RJ. 2008. The HSV-1

tegument protein pUL46 associates with cellular membranes and viral
capsids. Virology 376:279-289. https://doi.org/10.1016/j.virol.2008.03
.018.

. Brignati MJ, Loomis JS, Wills JW, Courtney RJ. 2003. Membrane associ-

ation of VP22, a herpes simplex virus type 1 tegument protein. J Virol
77:4888-4898. https://doi.org/10.1128/JVI.77.8.4888-4898.2003.

mbio.asm.org 9


https://doi.org/10.1016/j.cell.2006.02.015
https://doi.org/10.1038/nri3237
https://doi.org/10.1038/nri3237
https://doi.org/10.1126/science.1232458
https://doi.org/10.1016/j.molcel.2014.03.040
https://doi.org/10.1016/j.molcel.2014.03.040
https://doi.org/10.1126/science.1229963
https://doi.org/10.1126/science.1229963
https://doi.org/10.1084/jem.20040520
https://doi.org/10.1084/jem.20040520
https://doi.org/10.1128/JVI.00099-17
https://doi.org/10.1128/JVI.00099-17
https://doi.org/10.1016/j.virol.2008.03.018
https://doi.org/10.1016/j.virol.2008.03.018
https://doi.org/10.1128/JVI.77.8.4888-4898.2003
https://mbio.asm.org

You et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

Kato K, Daikoku T, Goshima F, Kume H, Yamaki K, Nishiyama Y. 2000.
Synthesis, subcellular localization and VP16 interaction of the herpes
simplex virus type 2 UL46 gene product. Arch Virol 145:2149-2162.
https://doi.org/10.1007/s007050070045.

Wagner MJ, Smiley JR. 2011. Herpes simplex virus requires VP11/12 to
activate Src family kinase-phosphoinositide 3-kinase-Akt signaling. J
Virol 85:2803-2812. https://doi.org/10.1128/JV1.01877-10.

Wagner MJ, Smiley JR. 2009. Herpes simplex virus requires VP11/12 to
induce phosphorylation of the activation loop tyrosine (Y394) of the Src
family kinase Lck in T lymphocytes. J Virol 83:12452-12461. https://doi
.0rg/10.1128/JV1.01364-09.

Zahariadis G, Wagner MJ, Doepker RC, Maciejko JM, Crider CM, Jerome
KR, Smiley JR. 2008. Cell-type-specific tyrosine phosphorylation of the
herpes simplex virus tegument protein VP11/12 encoded by gene UL46.
J Virol 82:6098-6108. https://doi.org/10.1128/JV1.02121-07.

Deschamps T, Kalamvoki M. 2017. Evasion of the STING DNA-sensing
pathway by VP11/12 of herpes simplex virus 1. J Virol 91:e00535-17.
https://doi.org/10.1128/JVI.00535-17.

Huang J, You H, Su G, Li Y, Chen S, Zheng C. 2018. Herpes simplex virus
1 tegument protein VP22 abrogates cGAS/STING-mediated antiviral in-
nate immunity. J Virol 92:e00841-18. https://doi.org/10.1128/JV1.00841
-18.

Louis C, Burns C, Wicks I. 2018. TANK-binding kinase 1-dependent
responses in health and autoimmunity. Front Immunol 9:434. https://
doi.org/10.3389/fimmu.2018.00434.

Tu D, Zhu Z, Zhou AY, Yun CH, Lee KE, Toms AV, Li Y, Dunn GP, Chan E,
Thai T, Yang S, Ficarro SB, Marto JA, Jeon H, Hahn WC, Barbie DA, Eck MJ.
2013. Structure and ubiquitination-dependent activation of TANK-
binding kinase 1. Cell Rep 3:747-758. https://doi.org/10.1016/j.celrep
.2013.01.033.

Ma X, Helgason E, Phung QT, Quan CL, lyer RS, Lee MW, Bowman KK,
Starovasnik MA, Dueber EC. 2012. Molecular basis of Tank-binding ki-
nase 1 activation by transautophosphorylation. Proc Natl Acad Sci U S A
109:9378-9383. https://doi.org/10.1073/pnas.1121552109.

Kawai T, Akira S. 2010. The role of pattern-recognition receptors in
innate immunity: update on Toll-like receptors. Nat Immunol 11:
373-384. https://doi.org/10.1038/ni.1863.

Su C, Zheng C. 2017. Herpes simplex virus 1 abrogates the cGAS/STING-
mediated cytosolic DNA-sensing pathway via its virion host shutoff
protein, UL41. J Virol 91:02414-16. https://doi.org/10.1128/JVI.02414
-16.

Wang K, Ni L, Wang S, Zheng C. 2014. Herpes simplex virus 1 protein
kinase US3 hyperphosphorylates p65/RelA and dampens NF-kappaB
activation. J Virol 88:7941-7951. https://doi.org/10.1128/JV1.03394-13.
Wang S, Wang K, Li J, Zheng C. 2013. Herpes simplex virus 1 ubiquitin-
specific protease UL36 inhibits beta interferon production by deubiqg-
uitinating TRAF3. J Virol 87:11851-11860. https://doi.org/10.1128/JVI
.01211-13.

Wang S, Wang K, Lin R, Zheng C. 2013. Herpes simplex virus 1 serine/
threonine kinase US3 hyperphosphorylates IRF3 and inhibits beta inter-
feron production. J Virol 87:12814-12827. https://doi.org/10.1128/JVI
.02355-13.

Xing JJ, Wang S, Lin RT, Mossman KL, Zheng CF. 2012. Herpes simplex
virus 1 tegument protein US11 downmodulates the RLR signaling path-
way via direct interaction with RIG-1 and MDA-5. J Virol 86:3528-3540.
https://doi.org/10.1128/JVI.06713-11.

Xu H, Su C, Pearson A, Mody CH, Zheng C. 2017. Herpes simplex virus 1
UL24 abrogates the DNA sensing signal pathway by inhibiting NF-
kappaB activation. J Virol 91:€00025-17. https://doi.org/10.1128/JVI
.00025-17.

Ye R, Su C, Xu H, Zheng C. 2017. Herpes simplex virus 1 ubiquitin-specific
protease UL36 abrogates NF-kappaB activation in DNA sensing signal
pathway. J Virol 91:€02417-16. https://doi.org/10.1128/JV1.02417-16.
Zhang D, Su C, Zheng C. 2016. Herpes simplex virus 1 serine protease

May/June 2019 Volume 10 Issue 3 e00919-19

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

mBio’

VP24 blocks the DNA-sensing signal pathway by abrogating activation
of interferon regulatory factor 3. J Virol 90:5824-5829. https://doi.org/
10.1128/JV1.00186-16.

Zhang J, Wang K, Wang S, Zheng C. 2013. Herpes simplex virus 1 E3
ubiquitin ligase ICPO protein inhibits tumor necrosis factor alpha-
induced NF-kappaB activation by interacting with p65/RelA and p50/
NF-kappaB1. J Virol 87:12935-12948. https://doi.org/10.1128/JVI.01952
-13.

Zhang J, Wang S, Wang K, Zheng C. 2013. Herpes simplex virus 1 DNA
polymerase processivity factor UL42 inhibits TNF-alpha-induced NF-
kappaB activation by interacting with p65/RelA and p50/NF-kappaB1.
Med Microbiol Immunol 202:313-325. https://doi.org/10.1007/s00430
-013-0295-0.

You H, Yuan H, Fu W, Su C, Wang W, Cheng T, Zheng C. 2017. Herpes
simplex virus type 1 abrogates the antiviral activity of Ch25h via its
virion host shutoff protein. Antiviral Res 143:69-73. https://doi.org/10
.1016/j.antiviral.2017.04.004.

Jiang Z, Su C, Zheng C. 2016. Herpes simplex virus 1 tegument protein
UL41 counteracts iFIT3 antiviral innate immunity. J Virol 90:
11056-11061. https://doi.org/10.1128/JVI.01672-16.

Shen G, Wang K, Wang S, Cai M, Li ML, Zheng C. 2014. Herpes simplex
virus 1 counteracts viperin via its virion host shutoff protein UL41. J Virol
88:12163-12166. https://doi.org/10.1128/JVI.01380-14.

Su C, Zhang J, Zheng C. 2015. Herpes simplex virus 1 UL41 protein
abrogates the antiviral activity of hZAP by degrading its mRNA. Virol J
12:203. https://doi.org/10.1186/512985-015-0433-y.

Verpooten D, Ma Y, Hou S, Yan Z, He B. 2009. Control of TANK-binding
kinase 1-mediated signaling by the gamma(1)34.5 protein of herpes
simplex virus 1. J Biol Chem 284:1097-1105. https://doi.org/10.1074/jbc
.M805905200.

Christensen MH, Jensen SB, Miettinen JJ, Luecke S, Prabakaran T, Reinert
LS, Mettenleiter T, Chen ZJ, Knipe DM, Sandri-Goldin RM, Enquist LW,
Hartmann R, Mogensen TH, Rice SA, Nyman TA, Matikainen S, Paludan
SR. 2016. HSV-1 ICP27 targets the TBK1-activated STING signalsome to
inhibit virus-induced type | IFN expression. EMBO J 35:1385-1399.
https://doi.org/10.15252/embj.201593458.

Liu X, Main D, Ma Y, He B. 2018. Herpes simplex virus 1 inhibits
TANK-binding kinase 1 through formation of the Us11-Hsp90 complex.
J Virol 92:e00402-18. https://doi.org/10.1128/JV1.00402-18.

Paz S, Vilasco M, Arguello M, Sun Q, Lacoste J, Nguyen TL, Zhao T,
Shestakova EA, Zaari S, Bibeau-Poirier A, Servant MJ, Lin R, Meurs EF,
Hiscott J. 2009. Ubiquitin-regulated recruitment of IkappaB kinase epsi-
lon to the MAVS interferon signaling adapter. Mol Cell Biol 29:
3401-3412. https://doi.org/10.1128/MCB.00880-08.

Chang TH, Liao CL, Lin YL. 2006. Flavivirus induces interferon-beta gene
expression through a pathway involving RIG-I-dependent IRF-3 and
PI3K-dependent NF-kappaB activation. Microbes Infect 8:157-171.
https://doi.org/10.1016/j.micinf.2005.06.014.

Lin R, Lacoste J, Nakhaei P, Sun Q, Yang L, Paz S, Wilkinson P, Julkunen
I, Vitour D, Meurs E, Hiscott J. 2006. Dissociation of a MAVS/IPS-1/VISA/
Cardif-IKKepsilon molecular complex from the mitochondrial outer
membrane by hepatitis C virus NS3-4A proteolytic cleavage. J Virol
80:6072-6083. https://doi.org/10.1128/JVI.02495-05.

Xing J, Wang S, Lin F, Pan W, Hu CD, Zheng C. 2011. Comprehensive
characterization of interaction complexes of herpes simplex virus type 1
ICP22, UL3, UL4, and UL20.5. J Virol 85:1881-1886. https://doi.org/10
.1128/JV1.01730-10.

Zhu H, Zheng C, Xing J, Wang S, Li S, Lin R, Mossman KL. 2011.
Varicella-zoster virus immediate-early protein ORF61 abrogates the IRF3-
mediated innate immune response through degradation of activated
IRF3. J Virol 85:11079-11089. https://doi.org/10.1128/JV1.05098-11.
Xing J, Wu F, Pan W, Zheng C. 2010. Molecular anatomy of subcellular
localization of HSV-1 tegument protein US11 in living cells. Virus Res
153:71-81. https://doi.org/10.1016/j.virusres.2010.07.009.

mbio.asm.org 10


https://doi.org/10.1007/s007050070045
https://doi.org/10.1128/JVI.01877-10
https://doi.org/10.1128/JVI.01364-09
https://doi.org/10.1128/JVI.01364-09
https://doi.org/10.1128/JVI.02121-07
https://doi.org/10.1128/JVI.00535-17
https://doi.org/10.1128/JVI.00841-18
https://doi.org/10.1128/JVI.00841-18
https://doi.org/10.3389/fimmu.2018.00434
https://doi.org/10.3389/fimmu.2018.00434
https://doi.org/10.1016/j.celrep.2013.01.033
https://doi.org/10.1016/j.celrep.2013.01.033
https://doi.org/10.1073/pnas.1121552109
https://doi.org/10.1038/ni.1863
https://doi.org/10.1128/JVI.02414-16
https://doi.org/10.1128/JVI.02414-16
https://doi.org/10.1128/JVI.03394-13
https://doi.org/10.1128/JVI.01211-13
https://doi.org/10.1128/JVI.01211-13
https://doi.org/10.1128/JVI.02355-13
https://doi.org/10.1128/JVI.02355-13
https://doi.org/10.1128/JVI.06713-11
https://doi.org/10.1128/JVI.00025-17
https://doi.org/10.1128/JVI.00025-17
https://doi.org/10.1128/JVI.02417-16
https://doi.org/10.1128/JVI.00186-16
https://doi.org/10.1128/JVI.00186-16
https://doi.org/10.1128/JVI.01952-13
https://doi.org/10.1128/JVI.01952-13
https://doi.org/10.1007/s00430-013-0295-0
https://doi.org/10.1007/s00430-013-0295-0
https://doi.org/10.1016/j.antiviral.2017.04.004
https://doi.org/10.1016/j.antiviral.2017.04.004
https://doi.org/10.1128/JVI.01672-16
https://doi.org/10.1128/JVI.01380-14
https://doi.org/10.1186/s12985-015-0433-y
https://doi.org/10.1074/jbc.M805905200
https://doi.org/10.1074/jbc.M805905200
https://doi.org/10.15252/embj.201593458
https://doi.org/10.1128/JVI.00402-18
https://doi.org/10.1128/MCB.00880-08
https://doi.org/10.1016/j.micinf.2005.06.014
https://doi.org/10.1128/JVI.02495-05
https://doi.org/10.1128/JVI.01730-10
https://doi.org/10.1128/JVI.01730-10
https://doi.org/10.1128/JVI.05098-11
https://doi.org/10.1016/j.virusres.2010.07.009
https://mbio.asm.org

	RESULTS
	UL46 inhibits IFN- signaling pathway stimulated by TBK1. 
	HSV-1 inhibits IFN- activation by UL46. 
	UL46 associates with TBK1 and inhibits activation of TBK1. 
	TBK1 mediates the defense against the replication of UL46 HSV-1. 

	DISCUSSION
	MATERIALS AND METHODS
	Cells, viruses, and antibodies. 
	Plasmid construction. 
	Co-IP and Western blot analysis. 
	RNA isolation and qRT-PCR. 
	Transfection and dual-luciferase reporter (DLR) assays. 
	ELISA. 
	Native PAGE. 
	Immunofluorescence assays. 
	Establishment of TBK1 stable knockdown L929 cells. 
	Statistical analysis. 

	ACKNOWLEDGMENTS
	REFERENCES

