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Herpes simplex virus type 2
inhibits TNF-o-induced NF-xB
activation through viral protein
ICP22-mediated interaction
with p65

Huimin Hu'?, Ming Fu*?, Chuntian Li*?, Binman Zhang'?,
Yuncheng Li*?, Qinxue Hu** and Mudan Zhang™

State Key Laboratory of Virology, Wuhan Institute of Virology, Center for Biosafety Mega-Science,
Chinese Academy of Sciences, Wuhan, China, 2Savaid Medical School, University of Chinese
Academy of Sciences, Beijing, China, *Department of Gastroenterology, Guangzhou Women and
Children’s Medical Center, Guangzhou Medical University, Guangzhou, China, “Institute for
Infection and Immunity, St George's, University of London, London, United Kingdom

Herpes simplex virus type 2 (HSV-2) is a prevalent human pathogen and the main
cause of genital herpes. After initial infection, HSV-2 can establish lifelong latency
within dorsal root ganglia by evading the innate immunity of the host. NF-kB has a
crucial role in regulating cell proliferation, inflammation, apoptosis, and immune
responses. It is known that inhibition of NF-«B activation by a virus could facilitate it
to establish infection in the host. In the current study, we found that HSV-2
inhibited TNF-o-induced activation of NF-kB-responsive promoter in a dose-
dependent manner, while UV-inactivated HSV-2 did not have such capability. We
further identified the immediate early protein ICP22 of HSV-2 as a vital viral
element in inhibiting the activation of NF-kB-responsive promoter. The role of
ICP22 was confirmed in human cervical cell line HelLa and primary cervical
fibroblasts in the context of HSV-2 infection, showing that ICP22 deficient HSV-
2 largely lost the capability in suppressing NF-xB activation. HSV-2 ICP22 was
further shown to suppress the activity of TNF receptor-associated factor 2
(TRAF2)-, IkB kinase a (IKK a)-, IKK B-, IKK y-, or p65-induced activation of NF-
kB-responsive promoter. Mechanistically, HSV-2 ICP22 inhibited the
phosphorylation and nuclear translocation of p65 by directly interacting with
p65, resulting in the blockade of NF-xB activation. Furthermore, ICP22 from

Abbreviations: NF-kB, Nuclear factor kB; HIV, Human immunodeficiency virus; HSV, Herpes simplex
virus; ICP22, Infected cell protein 22; IFNs, Interferons; IRF3, IFN-regulatory factor 3; TNF-a, Tumor
necrosis factor alpha; TNFR, Tumor necrosis factor receptor; TRAF2, TNFR-associated factor 2; IKK,
Inhibitor kB (IkB) kinase complex; IKK a, IkB kinase (IKK) 0; ISGs, Interferon-stimulated genes; ISGF3,

IFN-stimulated gene factor 3; RHD, Rel homology domain; NLS, Nuclear localization sequence.
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several alpha-herpesviruses could also inhibit NF-xB activation, suggesting the
significance of ICP22 in herpesvirus immune evasion. Findings in this study
highlight the importance of ICP22 in inhibiting NF-xB activation, revealing a
novel mechanism by which HSV-2 evades the host antiviral responses.
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Introduction

HSV-2 is a large dsDNA virus, a member of the
Herpesviridae family, belonging to genus Simplexvirus. The
WHO reported that about 13% of the world’s population aged
15 to 49 years were living with HSV-2 infection in 2016 (1).
HSV-2 is mainly sexually transmitted and infects epithelial cells,
causing genital herpes (2). It also infects leukocytes and neuronal
cells (3-5), leading to encephalitis and disseminated diseases that
affect other organ systems (6, 7). After initial infection, HSV-2
can establish life-long latency in the dorsal root ganglia (8).

It is known that HSV (HSV-1/2) has evolved countermeasures
to evade the host innate immune responses. However, most of the
studies to date have been focusing on HSV-1 (9). For instance,
the UL2, UL24, UL42, RL2 and US3 of HSV-1 can interfere with
the NF-kB signaling pathway by interacting with p65 or p50, the
key component of NF-kB heterodimer (10-14), while HSV-1
UL36 suppresses NF-kB activation by cleaving the polyubiquitin
chains of IkB @, an inhibitor of NF-kB activation (15). The RL2,
RL1 and UL48 of HSV-1 suppress the production of type I
interferons (IFN) by acting on IRF3 (16, 17), whereas the UL54,
US11 and UL46 of HSV-1 act on TBK1 to block the production of
type I IFN (18-20). In addition, the RL2 and UL41 of HSV-1 were
reported to suppress the production of IFN-stimulated genes
(ISGs) by degrading IFI16 (21). So far, little is known
concerning how HSV-2 evades the host innate immune system.
We previously demonstrated that the immediate early protein
ICP22 of HSV-2 not only suppresses IFN-B production by
blocking the association of IRF-3 with IFN-§ promoter (22), but
also inhibits the production of ISGs by directly degrading IFN-
stimulated gene factor 3 (ISGF3) (23). Although ICP22 is a key
mediator of HSV-2 immune evasion in type I IFN production and
signaling, it remains to be determined whether HSV-2 ICP22
could inhibit the activation of NF-kB signaling pathway.

TNF receptor-associated factor 2 (TRAF2), IkB kinase (IKK)
o (IKK o), IKK B, IKK y and p65 are key components of the NF-
KB signaling pathway. Under foreign stimuli, the IKK complex is
first activated, resulting in the phosphorylation of IkB proteins
and its subsequent degradation by the proteasome. Once IxB
protein is detached, released NF-kB dimers are phosphorylated
and then translocate to the nucleus to activate the transcription
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of target genes (24-26). Given that a number of viruses were
previously shown to block the activation of NF-kB by acting on
different components of NF-kB signaling pathway (27-33), we
asked whether and how HSV-2 inhibits NF-kB activation.

In this study, we first revealed that HSV-2 blocks TNF-oi-
induced activation of NF-kB-responsive promoter. We further
demonstrated that the immediate early protein ICP22 of HSV-2
inhibits NF-kB activation by directly interacting with p65, resulting
in the blockade of p65 phosphorylation and nuclear translocation.

Materials and methods
Cell lines and viruses

HEK 293T, human cervical epithelial cell line HeLa, and
African green monkey kidney cell line Vero were purchased
from American Type Culture Collection and cultured in
Dulbecco’s modified Eagle medium (DMEM) (Gibico,
C11995500BT) supplemented with 10% fetal bovine serum (FBS)
(Gibico, 10099-141), and 100 U/mL of penicillin and streptomycin
each (Genom, GMN15140) at 37°C in a 5% CO, incubator.
Primary human cervical fibroblasts were purchased from Meisen
Chinese Tissue Culture Collections (Meisen CTCC, CTCC-088-
HUM) (Zhejiang, China) and cultured in primary fibroblast
culture medium (Meisen CTCC, CTCC-003-PriMed). HSV-2 (G
strain) was obtained from LGC standards and propagated in Vero
cells. Virus stock supplemented with 10% FBS (Gibico, 10099-141)
was stored at -80°C before being used for infection. UV-
inactivated HSV-2 was obtained by exposure to UV irradiation
for 30 min. HSV-2 titration was determined by plaque assay on
Vero monolayers. ICP22 deficient HSV-2, named usI del HSV-2,
was constructed and produced as previously described (22).

Antibodies, reagents and plasmids
Rabbit anti-p65 (10745-1-AP), mouse anti-B-actin (66009-1-Ig)
and HA-tag (66006-2-Ig) polyclonal antibodies were purchased

from Proteintech (Wuhan, China). Mouse anti-IkB o, (L35A5)
and phospho-p65 (ser536) (93H1) antibodies were purchased
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from Cell Signaling Technology. Mouse antibodies against IKK o
(sc-7606), IKK B (sc-271782), and IKK 7y (sc-8032), respectively,
were purchased from Santa Cruz Biotechnology. A mouse anti-Flag
monoclonal antibody (mAb) (F1804) was obtained from Sigma-
Aldrich. A sheep polyclonal antibody against HSV-2 (ab21112) was
purchased from Abcam. Mouse normal IgG (A7028) was purchased
from Beyotime. Rabbit normal IgG (A7016) was purchased from
Beyotime. Recombinant human TNF-o (300-01A-50) was
purchased from PeproTech. HA-tagged plasmids pHA-TRAF2,
pHA-IKK o, pHA-IKK B, pHA-IKK 7, and Flag-tagged plasmid
pFlag-p65 and the reporter plasmids phRL-TK and pNF-kB-Luc
were kindly provided by Professor Hanzhong Wang at the Wuhan
Institute of Virology, Chinese Academy of Sciences (34, 35). The
coding sequences (CDS) of PRV ICP22 (Gene ID: 2952489) and
VZV ICP22 (Gene ID: 1487700) were synthesized and cloned into
pcDNA3.1(+) vector, respectively, by GeneCreate Biological
Engineering Co, Ltd. (Wuhan, China). The Flag-tagged expression
plasmids of HSV-1 ICP22 and HSV-2 UL46 and ICP22 were
described in our previous studies (22, 36, 37). All the constructs
were verified by DNA sequencing (Sunny Biotechnology, China).

Dual luciferase reporter assay

HEK 293T cells seeded in 24-well plates overnight were co-
transfected with Firefly luciferase reporter plasmid pNF-kB-Luc,
Renilla luciferase reporter plasmid phRL-TK and empty vector
or plasmid encoding indicated viral protein. Transfections were
performed using Lipofectamine 2000 (Invitrogen, 11668-027)
according to the manufacturer’s instructions. At 24 h post-
transfection, cells were mock-treated or treated with TNF-o
(20 ng/ml) for 6 h. In some cases, HEK 293T cells were co-
transfected with pNF-kB-Luc, phRL-TK, plasmid expressing
pFlag-p65, pHA-TRAF2, pHA-IKK o, pHA-IKK f or pHA-
IKK v and empty vector or plasmid expressing indicated viral
protein for 30 h. For HeLa cells, after co-transfection with
reporter plasmids pNF-kB-Luc and phRL-TK for 4 h, cells
were infected or mock infected with HSV-2, UV-inactivated
HSV-2 or usl del HSV-2 for 20 h, followed by stimulation with
or without TNF-o. (20 ng/ml) for 6 h. For primary human
cervical fibroblasts, after co-transfection with reporter plasmids
pNF-kB-Luc and phRL-TK for 4 h, cells were infected with
HSV-2 or usl del HSV-2 for 20 h, followed by stimulation with
or without TNF-o (20 ng/ml) for 6 h. Cells were subsequently
harvested and lysed to measure Firefly and Renilla luciferase
activities using a Dual Luciferase Reporter (DLR) Assay System
(Promega, E1980) according to the manufacturer’s instructions.

Western blot

The proteins from transfected or infected cells were prepared
using Lysis Buffer supplemented with protease inhibitor cocktail
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(Roche, 11697498001). Prepared cell lysates or immunoprecipitates
were subjected to 10% SDS-PAGE and transferred to 0.45 um
polyvinylidene difluoride (PVDF) membranes (Millipore,
IPVH00010 PORE). The membrane was blocked using 5% non-
fat milk in TBST (20 mM Tris-HCI buffer [pH 7.4] containing 37
mM NaCl and 0.1% Tween 20) at 4°C for 1 h, followed by
incubation with a primary Ab overnight at 4°C. After three
washes with TBST, the membrane was probed with a HRP-
conjugated secondary Ab (Proteintech, SA00001-1 or SA00001-2)
at room temperature for 1 h, and then washed five times with
TBST. The bands were visualized by exposure to ChemiDoc MP
Imaging System after the addition of chemiluminescent substrate.

RNA isolation and quantitative PCR

Cells were collected to extract total RNA using TRIzol
(Invitrogen, 15596-026) according to the manufacturer’s
instructions. Subsequently, cDNA was synthesized with the
HiScript II Q RT SuperMix for qPCR (+gDNA wiper)
(Vazyme Biotech, R223-01). Relative real-time quantitative
PCR was performed on a CFX Real-Time PCR system (Bio-
Rad) using ChamQ SYBR qPCR Master Mix (High ROX
Premixed) (Vazyme Biotech, Q341-02). The specific primer
sequences were as follows: 5'-GCCATTCTGATTTGCTGC-3’
(forward) and 5-CCTTTCCTTGCTAACTGC-3’ (reverse) for
CXCL10, 5'-GGAAATCCCATCACCATC-3’ (forward) and 5'-
CATCACGCCACAGTTTCC-3’ (reverse) for GAPDH. The

-AACt

expression difference was calculated on the basis of 2 values.

Co-immunoprecipitation assay

HeLa cells seeded in 6-well plates were transfected with Flag-
tagged ICP22-expressing plasmid or empty vector. At 24 h post-
transfection, cells were mock-treated or treated with TNF-o (20 ng/
mlL) for 6 h. Cells were subsequently harvested and lysed on ice for
30 min using 200 L lysis buffer (50 mM Tris [pH 8.0], 150 mM
NaCl, 1% NP40) containing protease inhibitor cocktail (Roche,
11697498001). 3 pg mouse anti-Flag Ab or mouse normal IgG
(BOSTER, BA1051) was added to fresh Dynabeads protein G
(Invitrogen, 10003D), and mixed with cell lysate, respectively. In
some cases, 3 g rabbit anti-p65 Ab or rabbit normal IgG (Beyotime,
A7016) was mixed with fresh Dynabeads protein G, and the mixture
was then added to cell lysates. After incubation with rotation
overnight at 4°C, the Ag-Ab-dynabead complexes were washed
three times with PBST, and then the target antigens (Ags) were
subjected to western blot analysis after elution followed by boiling.

Binding kinetic analysis

Human recombinant p65 protein was purchased from
SinoBiological Incorporation (12054-HO9E, China). HA-tagged
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ICP22 was purified as described previously (23). Briefly, for
every 1 x 10° cells, 1.5 ug expression plasmid was transfected
into HEK 293F cells using Polyethylenimine (PEI) transfection
reagent (Polysciences, 23966-1, China). Cells were cultured in
FreeStyle 293 Expression Medium (Gibico, 12338018, USA) at
37°C in a 5% CO, incubator shaker at 110 rpm. At day 3 post-
transfection, cells were harvested and lysed by ultrasonic
treatment. The HA-tagged protein was purified by anti-
YPYDVPDYA Affinity Resin (DIA«AN, KAP0063, China) and
eluted with 300 ug/mL YPYDVPDYA peptide (GenScript,
RP11735, China). The purified protein was concentrated in
PBS using 10 kDa Centrifugal Filter Units (Merck,
UFC901096, Germany) for binding kinetic study.

The kinetics of binding was performed on a Forte-Bio Octet
Red System. After Protein A Biosensors (Fortebio, 18-5010,
USA) were soaked in 1x PBS, 5 pug/mL anti-p65 Ab was
diluted and captured by the Biosensors. The Abs-captured
Biosensors were used to bind p65, and then immersed in
different concentration of ICP22 (62.5, 125, 250, 500 or 1000
nM) for association and disassociation. The response in nm shift
was recorded as a function of time.

Immunofluorescence analysis

HeLa cells seeded in 35-mm glass-bottom dishes were
transfected with Flag-tagged ICP22-expressing plasmid. At
24 h post-transfection, cells were treated with or without 20
ng/mL TNF-a for 6 h, and then fixed with 4% paraformaldehyde
at room temperature for 10 min. After permeabilized with 0.2%
Triton X-100 at room temperature for 10 min, cells were blocked
in PBS containing 3% BSA at 4°C overnight. Thereafter, cells
were incubated with the rabbit anti-human p65 polyclonal Ab
(pAb) and the mouse anti-Flag mAbD for 1 h at 37°C. After three
washes with PBS, cells were then incubated with Alexa Fluor
488-labeled Goat anti-Mouse IgG (H+L) (Invitrogen, A-10667)
and Alexa Fluor 647-labeled Goat anti-Rabbit IgG (H+L)
(Invitrogen, A27018) for 1 h at 37°C. Cells were subsequently
washed and incubated with DAPI for 10 min at 37°C. After
washes, cells were observed under a fluorescence microscope
(Nikon AIR/MP).

Statistical analysis

All experiments were repeated at least three times and the
data were presented as mean + SD unless otherwise specified.
Data analyses were performed with GraphPad Prism 7.0
software (GraphPad). Comparison between two groups was
analyzed by Student t-test, whereas comparisons among more
than two groups were analyzed by one-way ANOVA with the
Tukey’s test. P < 0.05 was considered statistically significant.
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Results

Productive HSV-2 infection suppresses
TNF-o-induced NF-xB activation

It is known that HSV-2 can evade the host innate immunity
to establish lifelong infection. Considering the critical role of
NF-xB in the innate immunity, we examined the effect of HSV-2
infection on NF-kB activation. Given that human genital
epithelial cells are the main targets of HSV-2 primary
infection, we used human cervical epithelial cell line HeLa for
the initial experiment. HeLa cells were co-transfected with the
reporter plasmids pNF-kB-Luc and phRL-TK for 4 h, followed
by infection with HSV-2 or UV-inactivated HSV-2 at an MOI of
1, 0.6, 0.3, or 0.1 for 20 h. After 6 h stimulation with TNF-o,, the
activities of luciferase were detected. As shown in Figure 1A,
HSV-2 significantly inhibited the activation of NF-kB-
responsive promoter, whereas UV-inactivated HSV-2 did not
have such capability. We further confirmed that the viral
proteins were barely detectable by WB after HSV-2 was
inactivated by UV (Figure 1B), indicating that productive
infection is necessary for HSV-2-mediated inhibition of NF-kB
activation. Given that the chemokine CXCL10 could be induced
via NF-xB activation (38, 39), we detected whether HSV-2
infection affects CXCL10 mRNA production. As showed in
Figure 1C, HSV-2 infection indeed inhibited NF-xB
activation-induced CXCL10 mRNA production, further
suggesting the inhibitory effect of HSV-2 on NF-kB activation.
These results indicate that HSV-2 infection suppresses TNF-ot-
induced NF-xB activation and that productive HSV-2 infection
is necessary for such suppression.

HSV-2 ICP22 inhibits TNF-o-induced NF-
kB activation

Our previous studies show that the HSV-2 ICP22 not only
suppresses IFN-f production by blocking the association of IRF-
3 with IFN-3 promoter (22), but also inhibits the production of
ISGs by directly degrading ISGF3 (23). Considering the key role
of ICP22 in HSV-2-mediated immune evasion, we next assessed
the involvement of HSV-2 ICP22 in interfering with NF-xB
signaling pathway. HEK 293T cells were co-transfected with the
reporter plasmids pNF-kB-Luc and phRL-TK together with
ICP22-expressing plasmid. At 24 h post-transfection, cells
were stimulated with TNF-o for 6 h. As shown in Figure 2A,
HSV-2 ICP22 significantly inhibited the activation of NF-«B-
responsive promoter. Moreover, HSV-2 ICP22 also suppressed
CXCL10 mRNA production (Figure 2B). To confirm the role of
ICP22 in the inhibition of NF-xB activation in the context of
virus infection, HeLa cells or primary human cervical fibroblasts
were transfected with the reporter plasmids pNF-kB-Luc and
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FIGURE 1

Productive HSV-2 infection suppresses TNF-o-induced NF-xB activation. (A) Productive HSV-2 infection suppresses TNF-o-induced NF-«B
activation. Hela cells were seeded in 24-well plates overnight and co-transfected with the reporter plasmids pNF-xB-Luc and phRL-TK. At 4 h
post-transfection, cells were mock infected or infected with HSV-2 or UV-inactivated HSV-2 (UV HSV-2) at an MOl of 1, 0.6, 0.3, or 0.1. At 20 h
post-infection, cells were stimulated with or without TNF-o. (20 ng/ml) for 6 h. Reporter activities were determined by DLR assay. (B) Detection of
viral protein expression in HSV-2-infected cells. Hela cells were infected with HSV-2 or UV-inactivated HSV-2 at an MOI of 1, 0.6, 0.3, or 0.1 for
24 h. The expression of viral protein was detected by western blot using the anti-HSV-2 Ab. B-actin was used as a loading control. (C) HSV-2
infection inhibits CXCL10 mRNA production. HelLa cells seeded in 6-well plates were infected with HSV-2 or UV-inactivated HSV-2. At 24 h post-
infection, cells were stimulated with TNF-o. (20 ng/ml) for 6 h. Cells were harvested and total RNA was extracted. The expression of CXCL10 and
GAPDH genes was evaluated by relative real-time quantitative PCR. For graphs, data shown are mean + SD of three independent experiments with
each condition performed in triplicate. For images, one representative experiment out of three is shown. *p < 0.05, ***p < 0.001. ns, not
significantly. Rel, Relative
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FIGURE 2

HSV-2 ICP22 inhibits TNF-a-induced NF-kB activation. (A) HSV-2 ICP22 suppresses TNF-a-induced NF-«kB activation. HEK 293T cells were
seeded in 24-well plates overnight and co-transfected with the reporter plasmids pNF-kB-Luc and phRL-TK together with ICP22-expressing
plasmid. At 24 h post-transfection, cells were stimulated with TNF-a (20 ng/ml) for 6 h. Reporter activities were determined by DLR assay. The
expression of ICP22 was detected by western blot using the anti-Flag Ab. (B) HSV-2 ICP22 suppresses the production of CXCL10 mRNA. HEK
293T cells seeded in 6-well plates were transfected with vector or ICP22-expressing plasmid. At 24 h post-transfection, cells were stimulated
with TNF-a (20 ng/ml) for 6 h. Cells were harvested and total RNA was extracted. The expression of CXCL10 and GAPDH genes was evaluated
by relative real-time quantitative PCR. (C, D). ICP22 knockout impairs the inhibitory activity of HSV-2 on NF-«B activation. Hela cells or primary
human cervical fibroblasts were seeded in 24-well plates overnight and transfected with the reporter plasmids pNF-xB-Luc and phRL-TK,
followed by infection with HSV-2 or us1 del HSV-2. After stimulation with TNF-o. for 6 h, reporter activities were determined by DLR assay

(E, F). HSV-2 ICP22 knockout impairs the inhibitory activity of HSV-2 on CXCL10 mRNA production. Hela cells or primary human cervical
fibroblasts seeded in 6-well plates were infected with HSV-2 or usl del HSV-2 at an MOI of 1. After stimulation with TNF-o. for 6 h, cells were
harvested and total RNA was extracted. The expression of CXCL10 and GAPDH genes was evaluated by relative real-time quantitative PCR

(G) ICP22s from several alpha-herpesviruses significantly inhibit NF-kB activation. HEK 293T cells were co-transfected with the reporter
plasmids pNF-xB-Luc and phRL-TK together with ICP22-expressing plasmid of HSV-1, PRV or VZV, or expression plasmid of HSV-2 UL46. At
24 h post-transfection, cells were stimulated with TNF-a (20 ng/ml) for 6 h. Reporter activities were determined by DLR assay. The expressions
of HSV-1 ICP22-Flag, HSV-2 ICP22-Flag, PRV ICP22-Flag, VZV ICP22-Flag and HSV-2 UL46-Flag were detected by western blot. Asterisk
indicated the locations of proteins. For graphs, data shown are mean + SD of three independent experiments with each condition performed in
triplicate. For images, one representative experiment out of three is shown. *p < 0.05, ***p<0.001, ns, not significantly. Rel, Relative.
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phRL-TK for 4 h, followed by infection with HSV-2 or usI del
HSV-2, which was constructed as described previously (22), for
20 h, and a stimulation with TNF-a. for another 6 h. The results
showed that ICP22 knockout significantly impaired the
capability of HSV-2 in inhibiting NF-xB activation
(Figures 2C, D) and CXCL10 mRNA production
(Figures 2E, F) in both HeLa cells and primary human cervical
fibroblasts. To address whether the inhibitory effect of HSV-2
ICP22 on NF-KB activation was virus specific, we assessed the
effects of the ICP22s from several alpha-herpesviruses on NF-kB
activation. The results showed that the ICP22s of alpha-
herpesviruses HSV-1, PRV and VZV all significantly inhibited
NF-xB activation, whereas HSV-2 UL46 had no such effect
(Figure 2G), suggesting the significance of ICP22 in
herpesvirus immune evasion. These results collectively indicate
that HSV-2 ICP22 inhibits TNF-co-induced NF-«xB activation.

10.3389/fimmu.2022.983502

HSV-2 ICP22 inhibits NF-xB activation by
acting on the downstream of p65

IkB protein inhibits the activation of NF-xB by trapping NF-
KB in the cytoplasm (40). Under foreigner stimuli, IKK complex
phosphorylates IxB, resulting in the phosphorylation, and
subsequent degradation of IkB. Once IkB is detached from
NF-kB, NF-kB is phosphorylated and activated (41). To
understand how HSV-2 ICP22 antagonizes NF-kB activation,
HEK 293T cells were co-transfected with the reporter plasmids
pNF-xB-Luc and phRL-TK, and the plasmid expressing TRAF2,
IKK o, IKK B, IKK ¥y or p65, together with ICP22-expressing
plasmid or empty vector for 30 h. As showed in Figures 3A-E,
overexpression of TRAF2, IKK o, IKK B, IKK vy or p65 resulted
in the activation of NF-kB-responsive promoter, whereas HSV-2
ICP22 significantly inhibited TRAF2, IKK o, IKK 3, IKK 7 or
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FIGURE 3

HSV-2 ICP22 inhibits NF-kB activation by acting on the downstream of p65. (A—E). HSV-2 ICP22 inhibits TRAF2, IKK o, IKK B, IKK yand p65-
induced NF-xB activation. HEK 293T cells were seeded in 24 well plates overnight and co-transfected with the reporter plasmids pNF-xB-Luc
and phRL-TK, and plasmid expressing TRAF2, IKK o, IKK B, IKK y or p65, together with empty vector or ICP22-expressing plasmid. At 30 h post-
transfection, the reporter activities were determined by DLR assay. (F). HSV-2 ICP22 has no effect on the expression of TRAF2, IKK a, IKK B, IKK y
and p65 or degradation of IkB o.. HEK 293T cells were seeded in 6 well plates overnight and transfected with plasmid expressing ICP22 or
empty vector. At 24 h post-transfection, cells were stimulated with or without TNF-a. (20 ng/ml) for 6 h. The expressions of TRAF2, IKK o, IKK B,
IKK vy, 1xB o, p65 and phospho-p65 were detected by western blot. For graphs, data shown are mean + SD of three independent experiments
with each condition performed in triplicate. For images, one representative experiment out of three is shown. *p<0.05, **p<0.01, ***p<0.001,

ns, not significantly.
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p65-induced NF-xB activation, without affecting the expression
of TRAF2, IKK a, IKK B, IKK v, and p65 (Figure 3F). As showed
in Figure 3F, in the condition of TNF-o stimulation, the
inhibitory factor IxkB o was degraded in both vector- and
ICP22-transfected cells indicating that HSV-2 ICP22 did not
affect the degradation of IkB o, while the total level of phospho-
p65 was decreased in ICP22-tranfected cells. These results
collectively indicate that HSV-2 ICP22 inhibits the activation
of NF-xB by acting on the downstream of p65.

HSV-2 ICP22 inhibits the phosphorylation
and nuclear translocation of p65

Given that HSV-2 ICP22 inhibits the activation of NF-xB by
acting on the downstream of p65, we next investigated the

10.3389/fimmu.2022.983502

influence of ICP22 on p65 phosphorylation and nuclear
translocation. HeLa cells were transfected with ICP22-
expressing plasmid, followed by stimulation with TNF-o. for
6 h. Cytoplasmic and nuclear proteins were subsequently
isolated and detected by western blot to determine the
distribution of p65. As showed in Figure 4A (Lane 1-4), the
phosphorylation of p65 in the cytoplasm was inhibited by
ICP22, although the expression of total p65 was not affected
by ICP22 (Figure 3F). Meanwhile the phosphorylated p65 in the
nucleus also decreased in ICP22-transfected cells (Figure 4B
Lane 1-4). To further confirm the effect of ICP22 on p65
phosphorylation and nuclear translocation in the context of
virus infection, HeLa cells were mock infected or infected with
HSV-2 or usl del HSV-2. At 24 h post-infection, cells were
stimulated with or without TNF-o for 6 h. As showed in
Figures 4A, B, HSV-2 infection could inhibit the
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FIGURE 4
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HSV-2 ICP22 inhibits the phosphorylation and nuclear translocation of p65. (A, B). HSV-2 ICP22 inhibits the phosphorylation of p65. Hela cells
seeded in the 6 well plates were transfected with empty vector or ICP22-expressing plasmid. At 4 h post-transfection, cells were mock infected
or infected with HSV-2 or us1 del HSV-2 at an MOI of 1. At 20 h post-infection, cells were stimulated with or without TNF-a (20 ng/ml) for 6 h.
The phosphorylated p65 in the cytoplasm and nucleus were detected by western blot. -actin and PCNA were used as loading controls for
cytoplasmic and nuclear proteins, respectively. (C, D). HSV-2 ICP22 significantly inhibits the nuclear translocation of p65. Hela cells were
transfected with ICP22-expressing plasmid or empty vector. At 24 h post-transfection, cells were stimulated with or without TNF-a. (20 ng/ml)
for 6 h. Cells were stained using the mouse anti-Flag and the rabbit anti-p65 Ab. Alexa Fluor 488-conjugated goat anti-mouse (green) and Alexa
Fluor 647-conjugated goat anti-rabbit (red) were used as secondary antibodies. Cell nuclei (blue) were stained with DAPI. The images were
obtained by fluorescence microscopy using a 60x objective. The percentage of p65-positive nuclei was quantified in a number of fields (D). The
scale bar indicates 20 um. For graphs, data shown are mean + SD of three independent experiments with each condition performed in

triplicate. For images, one representative experiment out of three is shown. ***p < 0.001
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phosphorylation and nuclear translocation of p65 (Lane 5-6),
whereas ICP22 knockout obviously impaired the inhibitory
effect of HSV-2 on p65 phosphorylation and nuclear
translocation (Lane 9-10). Immunofluorescence assay further
showed that p65 translocated from the cytoplasm into the
nucleus in the majority of cells after stimulation with TNF-o,
and such translocation was significantly blocked in ICP22-
transfected cells (Figures 4C, D). These results together
indicate that HSV-2 ICP22 inhibits the phosphorylation and
nuclear translocation of p65.

HSV-2 ICP22 directly interacts with p65

To address how ICP22 suppresses the phosphorylation of
P65, co-immunoprecipitation assay was performed to assess the
interaction of HSV-2 ICP22 with p65. As showed in
Figures 5A, B, HSV-2 ICP22 was found to interact with
endogenous p65 in both pull-down experiments using the
anti-Flag or anti-p65 antibody. To further confirm the results,
recombinant HSV-2 ICP22 and human p65 were used to
measure the binding kinetics of ICP22 with p65, showing that
HSV-2 ICP22 indeed directly interacts with p65 (Figure 5C). p65
contains a conserved Rel homology domain (RHD) at the N
terminus, which is responsible for nuclear localization,
dimerization and DNA binding (24). To map the functional
region of p65 interacting with ICP22, we constructed three
truncation mutants Al, A2 and A3 (36). As showed in
Figure 5D, Al (19-306aa) retains complete RHD of p65, while
A2 (19-300aa) is deficient in the nuclear localization signal
(NLS) domain of RHD. A3 (19-187aa) only retains the DNA
binding domain of RHD. Subsequently, His-tagged full-length
p65 or its truncated mutants (named Al, A2, and A3) were used
to identify the functional domain of p65 interacting with HSV-2
ICP22. Co-immunoprecipitation assay showed that full-length
p65 and its three truncation mutants Al, A2 and A3 all interacted
with ICP22 (Figure 5E). The interaction of ICP22 with p65
seemed to be weakened when the dimerization domain of p65
was deleted, indicating that the dimerization domain of p65
likely plays a more important role in the interaction. These
results together inform that HSV-2 ICP22 directly interacts with
p65, resulting in the blockade of p65 phosphorylation and
nuclear translocation.

Discussion

HSV-2 is one of the most common sexually transmitted
viruses worldwide, causing neonatal herpes and genital ulcer
disease (42). HSV-2 and HSV-1 are closely related but exhibit
substantial differences in latency and reactivation patterns (10-
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14, 43). NF-kB is a key regulator of a broad range of cellular
responses, involved in the induction of inflammation (24, 44—
46). Although a number of studies report that HSV-1 has
evolved multiple countermeasures to subvert the activation of
NF-kB signaling pathway (10-12, 15, 16, 20, 47), our current
understanding of HSV-2 immune evasion against the activation
of NF-B is limited.

In this study, we found that HSV-2 infection inhibited TNF-
o-induced activation of NF-kB-responsive promoter, whereas
UV-inactivated HSV-2 did not have such inhibition, indicating
that productive HSV-2 infection is necessary for the inhibition of
NE-«B activation. Subsequent studies indicated that ICP22 has a
significant inhibitory effect on the activation of NF-xB-
responsive promoter, which was further confirmed in the
context of viral infection using ICP22 deficient HSV-2.
Moreover, we found that the ICP22s from several alpha-
herpesviruses including HSV-1, PRV and VZV all inhibited
NF-kB activation, which share 62%, 33% and 31% identity,
respectively, with the amino acid sequence of HSV-2 ICP22,
highlighting the significance of ICP22 in herpesvirus immune
evasion. Given that HSV-2 ICP22 can also suppress the
production of type I IFN and ISGs (22, 23), our findings
collectively informed that ICP22 is a key viral element
counteracting not only type I IFN production and signaling
but also NF-xB activation.

It is known that NF-kB activation is an attractive target for
common human viral pathogens to evade host antiviral
responses (34, 48-50). The activation of NF-xB signaling
cascade includes the phosphorylation and nuclear
translocation of p65, a major component of NF-xB
heterodimer. We found that HSV-2 ICP22 significantly
blocked TRAF2, IKK o, IKK 3, IKK v and p65-induced NF-«B
activation, but did not affect the expression of TRAF2, IKK o,
IKK B, IKK vy and p65 or the degradation of IkB «, indicating
that HSV-2 ICP22 likely affects p65 activation. We previously
demonstrated that HSV-2 ICP22 functions as a novel E3
ubiquitin protein ligase to degrade ISGF3, resulting in the
inhibition of type I IFN signaling (23). However, in the
current study, HSV-2 ICP22 appears to inhibit NF-kB
activation independent of its E3 ubiquitin protein ligase
activity, and instead, it suppresses the phosphorylation and
nuclear translocation of p65, leading to the inhibition of NF-
KB activation.

Mechanistically, we found that HSV-2 ICP22 directly
interacts with endogenous p65. In accordance with previous
findings, several other viral proteins of HSV-1 have also been
shown to interact with p65 (10-14).The NF-«B family shares the
RHD at the N-terminus, which contains 300 amino acids and
has three functions: sequence specific DNA-binding,
dimerization and inhibitory protein binding (24, 41). By
assessing three truncated p65, we found that full-length p65
and its three truncation mutants Al, A2 and A3 all interacted
with ICP22. The p65 truncation mutant A3 (19-187aa) only

frontiersin.org


https://doi.org/10.3389/fimmu.2022.983502
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Hu et al.

10.3389/fimmu.2022.983502

FIGURE 5

A
Lysis P
. .
0 0% % @ 0% o
N2 %7 <N N L
& ot 05 & oS g A
& P & & & FE
Anti-Flag | - > AntiFlag T . c
ANti-PE5 s — — — =50kD Anti-p65 . —50KD KD(M)=2.18E-07
TNF-a - + -+ + - + - + o+
— 1000nM
— 500nM
B — 250nM
Lysis P - ;:55""':'“
Rabbit Anti-  Anti- oo Rabbit Anti- Anti-
antibody  pe5 pé5 antibody  pe5  pés 9 :
ICP22-Flag - + + |CP22-Flag A . . 04 500 1000 1500 2000
TNF-a + + + TNF-a + + % Time(Sec)
Antip6s | e Anti-p65 - —EGKD)
Anti-Flag —— 00 Anti-Flag ! =70KD
D
p65 truncation 300
119 187 194 219 2900 | 306 551
FL [] 1
DNA binding Dimerization interface NLS
300
19 187 194 219 290 | 306
AM I
DNA binding Dimerization interface NLS
19 187 194 219 290 300
A2 [ I |
DNA binding Dimerization interface
19 187
A3 [ |
DNA binding
E
Lysis P
Mouse Anti- Anti- Anti- Anti- Anti- Mouse Anti- Anti- Anti- Anti- Anti-
antibody  Flag '9¢ Flag Flag Flag Flag antibody  Flag '9¢ Flag Flag Flag Flag
p65-His or p65-His or
truncation FL FL FL A1 A2 A3 truncation FL FL A1 A2 A3
ICP22-Flag - + + + + + ICP22-Flag - + + + + +
Mouse Mouse
anti-Flag _—— - __ .0 anti-Flag L R . /)
Anti-p65 — Anti-p65
=50KD ! =50KD
1
—40KD - T40KD
* * =35KD * —35KD
—-— —25KD —25KD
£ . . —Light chain
- —20KD . FE —20KD

HSV-2 ICP22 directly interacts with p65. (A) HSV-2 ICP22 interacts with endogenous p65. (B) Endogenous p65 interacts with HSV-2 ICP22.
Hela cells seeded in the 6 well plates were transfected with empty vector or ICP22-expressing plasmid. At 24 h post-transfection, cells were
mock-treated or treated with TNF-a (20 ng/ml) for 6 h. Cell lysates were then subjected to co-immunoprecipitation assays using the anti-Flag
(A) or anti-p65 Ab (B). The mouse (A) or rabbit (B) non-specific antibody was used as negative control. ICP22 and p65 were detected by
western blot using the anti-Flag or anti-p65 Ab, respectively. (C) HSV-2 ICP22 directly interacts with p65. The kinetics of binding was performed
on a Forte-Bio Octet Red System. 5 pg/mL rabbit anti-p65 Ab was coupled to Protein A biosensors. 25 pug/mL recombinant p65 was bound to
Biosenors and immersed in different concentration of ICP22 (62.5, 125, 250, 500 or 1000 nM) for association and disassociation. The response
in nm shift was recorded as a function of time. KD (M) = 2.18E-07. (D) Schematic representation of p65 truncations. (E) HSV-2 ICP22 interacts
with the three truncation mutants Al, A2 and A3 of p65. Empty vector or ICP22-expressing plasmid and plasmid expressing full-length or
truncated p65 were co-transfected into HEK 293T cells. At 24 h post-transfection, cells were mock-treated or treated with TNF-o (20 ng/ml)
for 6 h. Cell lysates were then subjected to co-immunoprecipitation assays using the anti-Flag mAb. ICP22, truncated p65 were detected by
western blot using the anti-Flag or anti-p65 Ab, respectively. Asterisk indicated the locations of proteins. One representative experiment out of

three is shown.
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retains the DNA binding domain of RHD. In agreement, our
previous study showed that HSV-2 ICP22 also interacts with the
DNA binding domain of IRF-3 (22) to suppress IFN-f
production, which indirectly supports our co-
immunoprecipitation results in this study. An interaction of
ICP22 with the DNA binding domain of p65 likely blocks its
association with phosphorylase, resulting in the suppression of
p65 phosphorylation and nuclear translocation. Given that
HSV-2 ICP22 interacts with the DNA binding domain of p65,
it likely facilitates viral immune evasion by interfering with the
binding of NF-kB with the promoters of regulatory genes in
the nucleus.

It is known that HSV-1 ICP22 is an immediate-early protein
and a multifunctional viral regulator. HSV-1 ICP22 not only
interacts with RNA polymerase II (51-57) and P-TEFb (58) to
regulate viral replication (59), but is also involved in posttranslational
modification as viral protein kinases (60-63). To date, little is known
about the functions of HSV-2 ICP22. We previously revealed that
HSV-2 ICP22 functions as a novel E3 ubiquitin protein ligase to
degrade ISGF3 (23) and a key viral element contributing to HSV-2

10.3389/fimmu.2022.983502

immune evasion (22). Although beyond the scope of this study,
future work is warranted to explore the structural characteristics of
HSV-2 ICP22 for its multiple functions.

In conclusion, we demonstrated that HSV-2 ICP22 blocks
TNF-o-induced activation of NF-«B by directly interacting with
p65. The findings highlight the significance of ICP22 in
inhibiting NF-kB activation. We proposed a model as
described in Figure 6. When the host recognizes foreign
PAMPs, the innate immune system is activated by secreting
cytokines such as TNF-o. The secreted TNF-o. engages TNF
receptor (TNFR), resulting in the activation of the IKK complex.
Subsequently, the inhibitory protein of NF-xB, IxB o, is
phosphorylated, degraded and detached from NF-xB. NF-xB
dimers are then released and phosphorylated, and subsequently
translocate to the nucleus to activate the expression of
immunomodulatory genes. In the case of HSV-2 infection, the
viral immediate early protein ICP22 directly interacts with p65
to suppress p65 phosphorylation and nuclear translocation,
leading to the blockade of NF-kB activation, which would
facilitate viral immune escape.
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A schematic model of the mechanism by which HSV-2 ICP22 blocks TNF-a-induced NF-xB activation. The host recognizes foreign PAMPs and
activates the innate immune system to secret cytokines such as TNF-o. TNF-a subsequently binds TNF receptor (TNFR), resulting in the
activation of the IKK complex. The inhibitory protein of NF-kB, kB «, is then phosphorylated, degraded and detached from NF-kB. NF-xB
dimers are then released and phosphorylated, and subsequently translocate to the nucleus to activate the expression of immunomodulatory
genes. In the case of HSV-2 infection, the viral immediate early protein ICP22 directly interacts with p65 to block p65 phosphorylation and

nuclear translocation, leading to an inhibition of NF-xB activation.

Frontiers in Immunology

11

frontiersin.org


https://doi.org/10.3389/fimmu.2022.983502
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Hu et al.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Author contributions

HH, MZ and QH conceived the study. HH and MZ
conducted most experiments. CL constructed the truncation
mutants of p65. MF, BZ and YL provided help in western blot
experiments. HH, MZ and QH analyzed the data. HH, MZ and
QH wrote the manuscript. All authors contributed to the article
and approved the submitted version.

Funding

This work was supported by National Natural Science
Foundation of China (82171736, 81772192 and 31970172),
and the National Mega-Projects against Infectious Diseases
(2018ZX10301406-002).

References

1. McQuillan G, Kruszon-Moran D, Flagg EW, Paulose-Ram R. Prevalence of
herpes simplex virus type 1 and type 2 in persons aged 14-49: United states, 2015-
2016. NCHS Data Brief (2018) 304):1-8.

2. Gupta R, Warren T, Wald A. Genital herpes. Lancet (2007) 370(9605):2127-
37. doi: 10.1016/S0140-6736(07)61908-4

3. Martinelli E, Tharinger H, Frank I, Arthos J, Piatak MJr., Lifson JD, et al. Hsv-
2 infection of dendritic cells amplifies a highly susceptible hiv-1 cell target. PLoS
Pathog (2011) 7(6):e1002109. doi: 10.1371/journal.ppat.1002109

4. Wang K, Kappel JD, Canders C, Davila WF, Sayre D, Chavez M, et al. A
herpes simplex virus 2 glycoprotein d mutant generated by bacterial artificial
chromosome mutagenesis is severely impaired for infecting neuronal cells and
infects only vero cells expressing exogenous hvem. J Virol (2012) 86(23):12891—
902. doi: 10.1128/JV1.01055-12

5. Vahlne A, Svennerholm B, Sandberg M, Hamberger A, Lycke E. Differences
in attachment between herpes simplex type 1 and type 2 viruses to neurons and
glial cells. Infect Immun (1980) 28(3):675-80. doi: 10.1128/iai.28.3.675-680.1980

6. Gupta A, Rani PK, Bagga B, Dore P, Mittal A, Jalali S. Bilateral herpes
simplex-2 acute retinal necrosis with encephalitis in premature twins. ] AAPOS
(2010) 14(6):541-3. doi: 10.1016/j.jaapos.2010.08.011

7. Miller S, Mateen FJ, Aksamit AJJr. Herpes simplex virus 2 meningitis: A
retrospective cohort study. ] Neurovirol (2013) 19(2):166-71. doi: 10.1007/s13365-
013-0158-x

8. Whitley RJ. Herpes simplex virus infections of the central nervous system.
Continuum (Minneap Minn) (2015) 21(6 Neuroinfectious Disease):1704-13.
doi: 10.1212/CON.0000000000000243

9. Zhu H, Zheng C. The race between host antiviral innate immunity and the
immune evasion strategies of herpes simplex virus 1. Microbiol Mol Biol Rev (2020)
84(4):¢00099-20. doi: 10.1128/ MMBR.00099-20

10. Xu H, Su C, Pearson A, Mody CH, Zheng C. Herpes simplex virus 1 Ul24
abrogates the DNA sensing signal pathway by inhibiting nf-kappab activation.
J Virol (2017) 91(7):¢00025-17. doi: 10.1128/JVI1.00025-17

Frontiers in Immunology

10.3389/fimmu.2022.983502

Acknowledgments

We thank Ding Gao at the Center for Instrumental Analysis
and Metrology, Wuhan Institute of Virology, Chinese Academy
of Sciences for technical assistance of Confocal Microscopy and
BioLayer Interferometry.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

11. Zhang J, Wang S, Wang K, Zheng C. Herpes simplex virus 1 DNA
polymerase processivity factor Ul42 inhibits tnf-Alpha-Induced nf-kappab
activation by interacting with P65/Rela and P50/Nf-Kappabl. Med Microbiol
Immunol (2013) 202(4):313-25. doi: 10.1007/s00430-013-0295-0

12. Zhang J, Wang K, Wang S, Zheng C. 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-Kappabl. J Virol (2013) 87
(23):12935-48. doi: 10.1128/JV1.01952-13

13. Cai M, Liao Z, Zou X, Xu Z, Wang Y, Li T, et al. Herpes simplex virus 1 Ul2
inhibits the tnf-Alpha-Mediated nf-kappab activity by interacting with P65/P50.
Front Immunol (2020) 11:549. doi: 10.3389/fimmu.2020.00549

14. Wang K, Ni L, Wang S, Zheng C. Herpes simplex virus 1 protein kinase Us3
hyperphosphorylates P65/Rela and dampens nf-kappab activation. J Virol (2014)
88(14):7941-51. doi: 10.1128/JV1.03394-13

15. Ye R, Su C, Xu H, Zheng C. Herpes simplex virus 1 ubiquitin-specific
protease Ul36 abrogates nf-kappab activation in DNA sensing signal pathway.
J Virol (2017) 91(5):e02417-16. doi: 10.1128/JV1.02417-16

16. XingJ, Ni L, Wang S, Wang K, Lin R, Zheng C. Herpes simplex virus 1-
encoded tegument protein Vp16 abrogates the production of beta interferon
(Ifn) by inhibiting nf-kappab activation and blocking ifn regulatory factor 3 to
recruit its coactivator cbp. J Virol (2013) 87(17):9788-801. doi: 10.1128/
JVL.01440-13

17. Leib DA, Harrison TE, Laslo KM, Machalek MA, Moorman NJ, Virgin HW.

Interferons regulate the phenotype of wild-type and mutant herpes simplex viruses
in vivo. ] Exp Med (1999) 189(4):663-72. doi: 10.1084/jem.189.4.663

18. Liu X, Matrenec R, Gack MU, He B. Disassembly of the Trim23-Tbk1
complex by the Us11 protein of herpes simplex virus 1 impairs autophagy. J Virol
(2019) 93(17):€00497-19. doi: 10.1128/JV1.00497-19

19. You H, Zheng S, Huang Z, Lin Y, Shen Q, Zheng C. Herpes simplex virus 1
tegument protein Ul46 inhibits tank-binding kinase 1-mediated signaling. mBio
(2019) 10(3):¢00919-19. doi: 10.1128/mBi0.00919-19

frontiersin.org


https://doi.org/10.1016/S0140-6736(07)61908-4
https://doi.org/10.1371/journal.ppat.1002109
https://doi.org/10.1128/JVI.01055-12
https://doi.org/10.1128/iai.28.3.675-680.1980
https://doi.org/10.1016/j.jaapos.2010.08.011
https://doi.org/10.1007/s13365-013-0158-x
https://doi.org/10.1007/s13365-013-0158-x
https://doi.org/10.1212/CON.0000000000000243
https://doi.org/10.1128/MMBR.00099-20
https://doi.org/10.1128/JVI.00025-17
https://doi.org/10.1007/s00430-013-0295-0
https://doi.org/10.1128/JVI.01952-13
https://doi.org/10.3389/fimmu.2020.00549
https://doi.org/10.1128/JVI.03394-13
https://doi.org/10.1128/JVI.02417-16
https://doi.org/10.1128/JVI.01440-13
https://doi.org/10.1128/JVI.01440-13
https://doi.org/10.1084/jem.189.4.663
https://doi.org/10.1128/JVI.00497-19
https://doi.org/10.1128/mBio.00919-19
https://doi.org/10.3389/fimmu.2022.983502
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Hu et al.

20. Kim JC, Lee SY, Kim SY, Kim JK, Kim HJ, Lee HM, et al. Hsv-1 Icp27
suppresses nf-kappab activity by stabilizing ikappabalpha. FEBS Lett (2008) 582
(16):2371-6. doi: 10.1016/j.febslet.2008.05.044

21. Lanfranca MP, Mostafa HH, Davido DJ. Hsv-1 Icp0: An E3 ubiquitin ligase
that counteracts host intrinsic and innate immunity. Cells (2014) 3(2):438-54.
doi: 10.3390/cells3020438

22. Zhang M, Liu Y, Wang P, Guan X, He S, Luo S, et al. Hsv-2 immediate-early
protein Usl inhibits ifn-beta production by suppressing association of irf-3 with
ifn-beta promoter. J Immunol (2015) 194(7):3102-15. doi: 10.4049/
jimmunol.1401538

23. Zhang M, Fu M, Li M, Hu H, Gong S, Hu Q. Herpes simplex virus type 2
inhibits type I ifn signaling mediated by the novel E3 ubiquitin protein ligase
activity of viral protein Icp22. J Immunol (2020) 205(5):1281-92. doi: 10.4049/
jimmunol.2000418

24. Hayden MS, Ghosh S. Shared principles in nf-kappab signaling. Cell (2008)
132(3):344-62. doi: 10.1016/j.cell.2008.01.020

25. Sun SC. The non-canonical nf-kappab pathway in immunity and
inflammation. Nat Rev Immunol (2017) 17(9):545-58. doi: 10.1038/nri.2017.52

26. Ghosh S, Hayden MS. New regulators of nf-kappab in inflammation. Nat
Rev Immunol (2008) 8(11):837-48. doi: 10.1038/nri2423

27. Wang TY, Yang YL, Feng C, Sun MX, Peng JM, Tian ZJ, et al. Pseudorabies
virus Ul24 abrogates tumor necrosis factor alpha-induced nf-kappab activation by
degrading P65. Viruses (2020) 12(1):51. doi: 10.3390/v12010051

28. Liao QJ, Ye LB, Timani KA, Zeng YC, She YL, Ye L, et al. Activation of nf-
kappab by the full-length nucleocapsid protein of the sars coronavirus. Acta
Biochim Biophys Sin (Shanghai) (2005) 37(9):607-12. doi: 10.1111/j.1745-
7270.2005.00082.x

29. Hao W, Wang L, Li S. Fkbp5 regulates rig-I-Mediated nf-kappab activation
and influenza a virus infection. Viruses (2020) 12(6):672. doi: 10.3390/v12060672

30. Mathers C, Schafer X, Martinez-Sobrido L, Munger J. The human
cytomegalovirus Ul26 protein antagonizes nf-kappab activation. J Virol (2014)
88(24):14289-300. doi: 10.1128/JV1.02552-14

31. Li X, Liang D, Lin X, Robertson ES, Lan K. Kaposi's sarcoma-associated
herpesvirus-encoded latency-associated nuclear antigen reduces interleukin-8
expression in endothelial cells and impairs neutrophil chemotaxis by degrading
nuclear P65. J Virol (2011) 85(17):8606-15. doi: 10.1128/JV1.00733-11

32. Li Q, Zheng Z, Liu Y, Zhang Z, Liu Q, Meng J, et al. 2c proteins of
enteroviruses suppress ikkbeta phosphorylation by recruiting protein phosphatase
1. ] Virol (2016) 90(10):5141-51. doi: 10.1128/JV1.03021-15

33. Ye ], Chen Z, Li Y, Zhao Z, He W, Zohaib A, et al. Japanese Encephalitis
virus Ns5 inhibits type I interferon (Ifn) production by blocking the nuclear
translocation of ifn regulatory factor 3 and nf-kappab. J Virol (2017) 91(8):e00039-
17. doi: 10.1128/JVI1.00039-17

34. Liu Q, Zhang Z, Zheng Z, Zheng C, Liu Y, Hu Q, et al. Human bocavirus
Nsl and Ns1-70 proteins inhibit tnf-Alpha-Mediated activation of nf-kappab by
targeting P65. Sci Rep (2016) 6:28481. doi: 10.1038/srep28481

35. Zheng Z, Li H, Zhang Z, Meng J, Mao D, Bai B, et al. Enterovirus 71 2¢
protein inhibits tnf-Alpha-Mediated activation of nf-kappab by suppressing
ikappab kinase beta phosphorylation. J Immunol (2011) 187(5):2202-12.
doi: 10.4049/jimmunol.1100285

36. Li C, Zhang M, Guan X, Hu H, Fu M, Liu Y, et al. Herpes simplex virus type
2 glycoprotein d inhibits nf-kappab activation by interacting with P65. ] Immunol
(2021) 206(12):2852-61. doi: 10.4049/jimmunol.2001336

37. Guan X, Zhang M, Fu M, Luo S, Hu Q. Herpes simplex virus type 2
immediate early protein Icp27 inhibits ifn-beta production in mucosal epithelial
cells by antagonizing Irf3 activation. Front Immunol (2019) 10:290. doi: 10.3389/
fimmu.2019.00290

38. Listwak SJ, Rathore P, Herkenham M. Minimal nf-kappab activity in
neurons. Neuroscience (2013) 250:282-99. doi: 10.1016/j.neuroscience.2013.07.013

39. Mendez-Samperio P, Perez A, Rivera L. Mycobacterium bovis bacillus
calmette-guerin (Bcg)-induced activation of Pi3k/Akt and nf-kb signaling
pathways regulates expression of Cxcl10 in epithelial cells. Cell Immunol (2009)
256(1-2):12-8. doi: 10.1016/j.cellimm.2008.12.002

40. Oeckinghaus A, Hayden MS, Ghosh S. Crosstalk in nf-kappab signaling
pathways. Nat Immunol (2011) 12(8):695-708. doi: 10.1038/ni.2065

41. Zhang Q, Lenardo MJ, Baltimore D. 30 years of nf-kappab: A blossoming of
relevance to human pathobiology. Cell (2017) 168(1-2):37-57. doi: 10.1016/
j.cell.2016.12.012

42. Khoury-Hanold W, Yordy B, Kong P, Kong Y, Ge W, Szigeti-Buck K, et al.
Viral spread to enteric neurons links genital hsv-1 infection to toxic megacolon

Frontiers in Immunology

13

10.3389/fimmu.2022.983502

and lethality. Cell Host Microbe (2016) 19(6):788-99. doi: 10.1016/
j.chom.2016.05.008

43. Zheng C. Evasion of cytosolic DNA-stimulated innate immune responses by
herpes simplex virus 1. J Virol (2018) 92(6):e00099-17. doi: 10.1128/JV1.00099-17

44. Hayden MS, Ghosh S. Signaling to nf-kappab. Genes Dev (2004) 18
(18):2195-224. doi: 10.1101/gad.1228704

45. Li Q, Verma IM. Nf-kappab regulation in the immune system. Nat Rev
Immunol (2002) 2(10):725-34. doi: 10.1038/nri910

46. Vallabhapurapu S, Karin M. Regulation and function of nf-kappab
transcription factors in the immune system. Annu Rev Immunol (2009) 27:693—
733. doi: 10.1146/annurev.immunol.021908.132641

47. Hargett D, Rice S, Bachenheimer SL. Herpes simplex virus type 1 Icp27-
dependent activation of nf-kappab. J Virol (2006) 80(21):10565-78. doi: 10.1128/
JVI.01119-06

48. Du H, Yin P, Yang X, Zhang L, Jin Q, Zhu G. Enterovirus 71 2c protein
inhibits nf-kappab activation by binding to Rela(P65). Sci Rep (2015) 5:14302.
doi: 10.1038/srep14302

49. FuYZ, Su S, Zou HM, Guo Y, Wang SY, Li S, et al. Human cytomegalovirus
DNA polymerase subunit Ul44 antagonizes antiviral immune responses by
suppressing Irf3- and nf-Kappab-Mediated transcription. J Virol (2019) 93(11):
€00181-19. doi: 10.1128/JV1.00181-19

50. Yu H, Bruneau RC, Brennan G, Rothenburg S. Battle royale: Innate
recognition of poxviruses and viral immune evasion. Biomedicines (2021) 9
(7):765. doi: 10.3390/biomedicines9070765

51. Asai R, Ohno T, Kato A, Kawaguchi Y. Identification of proteins directly
phosphorylated by Ul13 protein kinase from herpes simplex virus 1. Microbes
Infect (2007) 9(12-13):1434-8. doi: 10.1016/j.micinf.2007.07.008

52. Bastian TW, Livingston CM, Weller SK, Rice SA. Herpes simplex virus type
1 immediate-early protein Icp22 is required for vice domain formation during
productive viral infection. J Virol (2010) 84(5):2384-94. doi: 10.1128/JV1.01686-09

53. Bastian TW, Rice SA. Identification of sequences in herpes simplex virus
type 1 Icp22 that influence rna polymerase ii modification and viral late gene
expression. ] Virol (2009) 83(1):128-39. doi: 10.1128/JV1.01954-08

54. Cun W, Chen J, Zhang Y, Liu LD, Li QH. Analysis of the cellular localization
of herpes simplex virus 1 immediate-early protein Icp22. Virol Sin (2010) 25
(3):158-67. doi: 10.1007/s12250-010-3118-0

55. Fraser KA, Rice SA. Herpes simplex virus immediate-early protein Icp22
triggers loss of serine 2-phosphorylated rna polymerase ii. J Virol (2007) 81
(10):5091-101. doi: 10.1128/JV1.00184-07

56. Long MC, Leong V, Schafter PA, Spencer CA, Rice SA. Icp22 and the Ul13
protein kinase are both required for herpes simplex virus-induced modification of
the Large subunit of rna polymerase ii. ] Virol (1999) 73(7):5593-604. doi: 10.1128/
JV1.73.7.5593-5604.1999

57. Rice SA, Long MC, Lam V, Schaffer PA, Spencer CA. Herpes simplex virus
immediate-early protein Icp22 is required for viral modification of host rna-
Polymerase-Ii and establishment of the normal viral transcription program. J Virol
(1995) 69(9):5550-9. doi: 10.1128/JV1.69.9.5550-5559.1995

58. Guo L, Wu WJ, Liu LD, Wang LC, Zhang Y, Wu LQ, et al. Herpes simplex
virus 1 Icp22 inhibits the transcription of viral gene promoters by binding to and
blocking the recruitment of p-tefb. PLoS One (2012) 7(9):e45749. doi: 10.1371/
journal.pone.0045749

59. Mostafa HH, Davido D]J. Herpes simplex virus 1 Icp22 but not us 1.5 is
required for efficient acute replication in mice and vice domain formation. J Virol
(2013) 87(24):13510-9. doi: 10.1128/JV1.02424-13

60. Purves FC, Ogle WO, Roizman B. Processing of the herpse simplex virus
regulatory protein A22 mediated by the Ul13 protein kinase determines the
accumulation of a subset of a and y mrnas and proteins in infected cells. Proc
Natl Acad Sci U S A (1993) 90:6701-5. doi: 10.1073/pnas.90.14.6701

61. Mitchell C, Blaho JA, Roizman B. Casein kinase ii speciallynucleotidylylates
in vitro the amino acid sequence of the protein encoded by the A22 gene of herpse
simplex virus 1. Proc Natl Acad Sci U S A (1994) 91:11864-8. doi: 10.1073/
pnas.91.25.11864

62. Blaho JA, Mitchell C, Roizman B. Guanylylation and adenylylation of the
alpha-regulatory proteins of herpes simplex virus require a viral-beta or viral-
gamma function. J Virol (1993) 67(7):3891-900. doi: 10.1128/JV1.67.7.3891-
3900.1993

63. Purves FC, Roizman B. The Ul13 gene of herpes-simplex virus 1 encodes the
functions for posttranslational processing associated with phosphorylation of the
regulatory protein A22. Proc Natl Acad Sci U S A (1992) 89(16):7310-4. doi: 10.1073/
pnas.89.16.7310

frontiersin.org


https://doi.org/10.1016/j.febslet.2008.05.044
https://doi.org/10.3390/cells3020438
https://doi.org/10.4049/jimmunol.1401538
https://doi.org/10.4049/jimmunol.1401538
https://doi.org/10.4049/jimmunol.2000418
https://doi.org/10.4049/jimmunol.2000418
https://doi.org/10.1016/j.cell.2008.01.020
https://doi.org/10.1038/nri.2017.52
https://doi.org/10.1038/nri2423
https://doi.org/10.3390/v12010051
https://doi.org/10.1111/j.1745-7270.2005.00082.x
https://doi.org/10.1111/j.1745-7270.2005.00082.x
https://doi.org/10.3390/v12060672
https://doi.org/10.1128/JVI.02552-14
https://doi.org/10.1128/JVI.00733-11
https://doi.org/10.1128/JVI.03021-15
https://doi.org/10.1128/JVI.00039-17
https://doi.org/10.1038/srep28481
https://doi.org/10.4049/jimmunol.1100285
https://doi.org/10.4049/jimmunol.2001336
https://doi.org/10.3389/fimmu.2019.00290
https://doi.org/10.3389/fimmu.2019.00290
https://doi.org/10.1016/j.neuroscience.2013.07.013
https://doi.org/10.1016/j.cellimm.2008.12.002
https://doi.org/10.1038/ni.2065
https://doi.org/10.1016/j.cell.2016.12.012
https://doi.org/10.1016/j.cell.2016.12.012
https://doi.org/10.1016/j.chom.2016.05.008
https://doi.org/10.1016/j.chom.2016.05.008
https://doi.org/10.1128/JVI.00099-17
https://doi.org/10.1101/gad.1228704
https://doi.org/10.1038/nri910
https://doi.org/10.1146/annurev.immunol.021908.132641
https://doi.org/10.1128/JVI.01119-06
https://doi.org/10.1128/JVI.01119-06
https://doi.org/10.1038/srep14302
https://doi.org/10.1128/JVI.00181-19
https://doi.org/10.3390/biomedicines9070765
https://doi.org/10.1016/j.micinf.2007.07.008
https://doi.org/10.1128/JVI.01686-09
https://doi.org/10.1128/JVI.01954-08
https://doi.org/10.1007/s12250-010-3118-0
https://doi.org/10.1128/JVI.00184-07
https://doi.org/10.1128/JVI.73.7.5593-5604.1999
https://doi.org/10.1128/JVI.73.7.5593-5604.1999
https://doi.org/10.1128/JVI.69.9.5550-5559.1995
https://doi.org/10.1371/journal.pone.0045749
https://doi.org/10.1371/journal.pone.0045749
https://doi.org/10.1128/JVI.02424-13
https://doi.org/10.1073/pnas.90.14.6701
https://doi.org/10.1073/pnas.91.25.11864
https://doi.org/10.1073/pnas.91.25.11864
https://doi.org/10.1128/JVI.67.7.3891-3900.1993
https://doi.org/10.1128/JVI.67.7.3891-3900.1993
https://doi.org/10.1073/pnas.89.16.7310
https://doi.org/10.1073/pnas.89.16.7310
https://doi.org/10.3389/fimmu.2022.983502
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Herpes simplex virus type 2 inhibits TNF-α-induced NF-κB activation through viral protein ICP22-mediated interaction with p65
	Introduction
	Materials and methods
	Cell lines and viruses
	Antibodies, reagents and plasmids
	Dual luciferase reporter assay
	Western blot
	RNA isolation and quantitative PCR
	Co-immunoprecipitation assay
	Binding kinetic analysis
	Immunofluorescence analysis
	Statistical analysis

	Results
	Productive HSV-2 infection suppresses TNF-α-induced NF-κB activation
	HSV-2 ICP22 inhibits TNF-α-induced NF-κB activation
	HSV-2 ICP22 inhibits NF-κB activation by acting on the downstream of p65
	HSV-2 ICP22 inhibits the phosphorylation and nuclear translocation of p65
	HSV-2 ICP22 directly interacts with p65

	Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


