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Herpes simplex virus 1 (HSV-1) is a large double-stranded DNA virus that encodes at
least 80 viral proteins, many of which are involved in the virus–host interaction and
are beneficial to the viral survival and reproduction. However, the biological functions
of some HSV-1–encoded proteins are not fully understood. Nuclear factor κB (NF-
κB) activation is the major antiviral innate response, which can be triggered by various
signals induced by cellular receptors from different pathways. Here, we demonstrated
that HSV-1 UL2 protein could antagonize the tumor necrosis factor α (TNF-α)–mediated
NF-κB activation. Co-immunoprecipitation assays showed that UL2 could interact with
the NF-κB subunits p65 and p50, which also revealed the region of amino acids 9 to 17
of UL2 could suppress the NF-κB activation and interact with p65 and p50, and UL2
bound to the immunoglobulin-like plexin transcription factor functional domain of p65.
However, UL2 did not affect the formation of p65/p50 dimerization and their nuclear
localizations. Yet, UL2 was demonstrated to inhibit the NF-κB activity by attenuating
TNF-α–induced p65 phosphorylation at Ser536 and therefore decreasing the expression
of downstream inflammatory chemokine interleukin 8. Taken together, the attenuation of
NF-κB activation by UL2 may contribute to the escape of host’s antiviral innate immunity
for HSV-1 during its infection.

Keywords: innate immunity, HSV-1, UL2, NF-κB, IL-8

INTRODUCTION

Herpes simplex virus 1 (HSV-1) is an important human pathogen, which is carried with high
frequencies in the world with its well-known ability to establish a lifelong latent infection in neurons
and trigger a reactivation and lytic infection mainly in human epithelial or mucosal cells (1). Herpes
simplex virus 1 infection can lead to many diseases, such as keratoconjunctivitis and oropharynx
and genital ulcers, accompanied with clinical manifestations of pain, fever, and swollen lymph
nodes, which are responsible for its severe morbidity (2–4). Therefore, HSV-1 has brought great
harm to the health of worldwide population.
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UL2 protein, a uracil DNA glycosylase (UDG) that is the
early (E) gene product of HSV-1 UL2 (5), is involved in the
base excision repair pathway, which removes uracil by cleaving
the N-glycosidic bond between uracil and deoxyribose backbone,
leaving an apyrimidinic site to reduce the point mutations
and strand breakage that are associated with the presence of
uracil in DNA replication (6–8). Moreover, UL2, which is
localized in the nucleus under the help of some subcellular
transport receptors (8–10), is shown to be related to the viral
replisome via its interaction with UL30 (5, 9). Although UDG
may be dispensable for the viral replication in culture cells,
UDG mutant exhibits reduced neurovirulence, and a decreased
frequency of reactivation from latency, indicating that UDG
may be vital for HSV-1 reactivation in quiescent neuronal
cells, during which the genome might accumulate uracil as a
result of spontaneous deamination of cytosine (5, 11). Besides,
other herpesviral UDGs are shown to be required for the
effective viral gene expression and DNA synthesis, as well as
efficient viral production in vivo (12–14). Nevertheless, the
enzyme activity of UL2 can be inhibited by its corresponding
inhibitor 6-(4-anilinoalkyl)-uracil or Staphylococcus aureus UDG
(6, 15). Accordingly, UL2 may play a significant role in the
virulence, latency, and reactivation of HSV-1 infection (11, 16–
18). However, the exact roles of UL2 during HSV-1 infection are
still poorly understood.

Innate immune system is the first line for host defense
during viral infection, and the recognition of viral constituents
is mediated by diverse pattern recognition receptors, which
lead to the activation of many intracellular signaling pathways,
followed by the production of a number of interferons (IFNs),
and inflammatory cytokines (19–27). Nuclear factor κB (NF-
κB) signaling is an important intracellular antiviral pathway. In
mammals, the NF-κB family includes five functional proteins:
p50, p52, p65 (RelA), RelB, and c-Rel, which are encoded
by the genes NF-KB1 (precursor is p105), NF-KB2 (precursor
is p100), RELA, RELB, and REL, respectively (28). Generally,
these five transcription factors are assembled as homodimer or
heterodimer. Like RelB/p52 and p65/p50, although some of them
have greater affinity due to their structure dimers, combinations
of each member are still possible (28, 29).

In the quiescent cells, p65/p50, and p65/p52 dimers are usually
bound to the inhibitory molecule of IκB family proteins to
form a complex (in most cases, IκBα), which prevents them to
transfer into the nucleus (29). Therefore, the NF-κB complex
presents as a transcriptionally inactive state in the cytoplasm.
However, extensive stimulation such as cytokines, microbial and
viral products, DNA damage, and oxidative stress, which can
be recognized by many proinflammatory cytokine receptors,
including Toll-like receptor family members, interleukin 1
(IL-1) receptor, and tumor necrosis factor receptor (TNFR),
can significantly activate NF-κB signaling that has a similar
signal transduction cascade substantially produced by phosphate
transfer (28, 30–34).

When TNFR is stimulated by TNF-α, TNFR will recruit
the adaptor protein TNF receptor–associated death domain
(TRADD), and then TRADD activates TNFR-associated factor
2 (TRAF2) and the downstream receptor-interacting protein 1

(RIP1). The function of activated TRAF2 is to mediate the K63-
linked RIP1 polyubiquitination. Subsequently, ubiquitinated
RIP1 further recruits TGF-β–activated kinase 1 (TAK1) and
at last activates the IκB kinase (IKK), resulting in the
succedent phosphorylation and ubiquitination degradation of
IκBα mediated by 26S proteasome. Finally, NF-κB dimers can
be released from IκBα and translocated into the nucleus, leading
NF-κB to bind to specific promoters and induce target gene
expressions (30, 35, 36).

Viral infection can significantly activate the classical NF-κB
pathway; this process promotes the expression of various IFNs
and inflammatory cytokines, such as IFN-α, IFN-β, IL-6, IL-8,
and TNF-α, which in turn reduce and inhibit viral replication
and proliferation. Hence, many viruses have evolved different
strategies to inhibit NF-κB signaling for their replications and to
prevent virus-induced apoptosis. For example, orf virus virion-
associated protein 119 is reported to inhibit IKK complex
activation and target the retinoblastoma protein to inhibit NF-
κB signaling in the early infection (37). Influenza A virus–
encoded virulence factor protein NS1 is shown to crumble
IKK function to counteract host NF-κB–mediated antiviral
response (38). Herpes simplex virus 1 also can disturb the NF-
κB pathway by encoding some important proteins to execute
this function. Herpes simplex virus 1 UL36, a ubiquitin-specific
protease, abrogates NF-κB activation by cleaving polyubiquitin
chains of IκBα and therefore restricts proteasome-dependent
degradation of IκBα (39). Another protein kinase HSV-1
US3 hyperphosphorylates p65/RelA at the site of Ser75 and
consequently dampens NF-κB activation (40). In our study,
it is the first time to demonstrate that HSV-1 UL2 could
antagonize NF-κB activity and inhibit downstream inflammatory
cytokine IL-8 expression, by attenuating TNF-α–induced p65
phosphorylation at Ser536, which may help HSV-1 to evade host’s
antiviral innate immunity.

MATERIALS AND METHODS

Viruses and Cytokine
Wild-type (WT) HSV-1 BAC GFP Luc (F strain, simultaneously
expressing firefly luciferase and GFP tag) was provided by
Dr. Chunfu Zheng (Fujian Medical University), which was
propagated and preserved in our laboratory. The detailed
construction procedure and identification of UL2-related
recombinant viruses, including UL2 deletion (Del) and UL2
revertant (Rev) HSV-1 BAC GFP Luc, were specifically described
and successfully constructed using homologous recombination
technology in our recent study (41). Recombinant human TNF-α
was purchased from Peprotech.

Cells
Human embryonic kidney (HEK) 293T and HeLa cells were
grown in Dulbecco modified MEM (DMEM; Gibco-BRL, Grand
Island, NY, United States) with 10% heat inactivated fetal bovine
serum (FBS; Gibco-BRL, Grand Island, NY, United States) at
the temperature 37◦C and in a humidified 5% CO2 incubator
(Thermo, Fisher Scientific, Waltham, MA, United States).
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Antibodies
Anti-Flag (DYKDDDDK) (3B9), anti-Myc (19C2), and anti-
hemagglutinin (HA) (26D11) mouse monoclonal antibodies
(mAbs) were obtained from ABmart. Anti–β-actin, anti-
EYFP, anti-EGFP, anti-p65, and anti-p50 polyclonal antibodies
were purchased from Proteintech (Rosemont, IL, United
States). Fluorescein isothiocyanate (FITC)–conjugated donkey
anti–mouse immunoglobulin G (IgG) and Cy5-conjugated
goat anti–rabbit IgG were bought from BBI Life Sciences
(Shanghai, China). Mouse non-specific IgG Ab was offered by
eBioscience (San Diego, CA, United States). The Abs phospho-
NF-κB–p65(ser276), phospho-NF-κB–p65(ser536), and alkaline
phosphatase (AP) conjugated goat anti–mouse IgG (AP), goat
anti–rat IgG (AP), and goat anti–rabbit IgG (AP) were obtained
from Affinity Biosciences (Cincinnati, OH, United States). Anti-
UL2 pAb was prepared in rat (unpublished data) and stored
in our laboratory.

Plasmids Construction
To construct Flag-tagged UL2 expression plasmid, the open
reading frame of HSV-1 (F strain) UL2 was polymerase chain
reaction (PCR) amplified from pYEbac102 (42) with forward
primer 5′-CGA AGC TTC GGA ATT CAT GAA GCG GGC CTG
CAG CCG and reverse primer 5′-GCA AGC TTA GGA TCC
GTA ACC GAC CAG TCG ATG GGT G, and then the purified
PCR product was digested with EcoRI and BamHI and inserted
into the corresponding digested pFlag-N1 vector (regenerated
from pEYFP-N1; Clontech, Palo Alto, CA, United States) to yield
pUL2-Flag, as described previously (8, 43). pUL2-HA, pUL2-
Myc, pUL2-EYFP, and UL2 truncated mutant plasmids bearing
EYFP tag and pp65–immunoglobulin-like plexin transcription
factor (IPT)–del–Myc were constructed in our laboratory with
similar methods. The primers used to construct a series of
UL2 truncated mutants fused with EYFP are shown in Table 1.
Reporter plasmids NF-κB–Luc and pRL-TK (expressing firefly
luciferase and Renilla luciferase, respectively) were kindly gifted
from Dr. Zhengli Shi (Wuhan Institute of Virology, Chinese
Academy of Sciences). pXP2-pIL-8-Luc was from Dr. Wenlin
Huang (38). Pad-N-p65(1-290)-Flag and Pad-N-p65(291-551)-
Flag were generous gifts from Dr. Leiliang Zhang (44). pFlag-
TRADD, pTRAF2-Flag, pRIP1-Flag, and p65-RHD-Flag were
provided by Dr. Chunfu Zheng (39). pFlag-TAK1 and pNIK-Flag
were generous gifts from Dr. Jun Cui (School of Life Sciences,
Sun Yat-sen University). Other gift plasmids pCMV-Flag-p65
(Prof. Katherine A. Fitzgerald), pFlag-p50 (Dr. Karl-Klaus
Conzelmann), pHA-IKKα (Prof. Gangmin Hur), pFlag-IKKβ

(Prof. Rao Anjana), pp65-IPT-EGFP (Dr. Masataka Kinjo) (45),
and pp65-EYFP (Prof. An Hong) (46) were shown as indicated.
All expression plasmids were validated by DNA sequencing.

Plasmid Transfection and
Dual-Luciferase Reporter Assays
The plasmid transfection and dual-luciferase reporter (DLR)
assays were performed as described previously (47). HEK293T
cells were plated on 24-well plates (Corning Inc., Corning,
NY, United States) at a density of 70 to 80% confluence
(2 × 105 cells per well) overnight, and then 100 ng of NF-κB

or IL-8 promoter reporter plasmid, 10 ng of pRL-TK (internal
control), and the indicated amounts of expression plasmid
mixed with polyethylenimine transfection reagent (Polysciences,
Warrington, PA, United States) according to the manufacturer’s
instructions [PEI (µL):DNA (µg) = 3:1] were cotransfected into
cells. Twenty-four hours posttransfection, cells were treated or
mock treated with recombinant human TNF-α (10 ng/mL) for
6 h. Then, cell lysates were divided into two aliquots: one
aliquot was used for DLR detection, and the other was used for
Western blot (WB) analysis to detect the protein expression of
transfected plasmid. The transfection efficiency was confirmed
using fluorescence microscope when the transfection system
contains fluorescence protein-labeled plasmid. And if there was
no fluorescence-labeled plasmid in the transfection system, a
small amount of non-relevant fluorescent empty vector (such as
EYFP vector) was added to confirm the transfection efficiency.
Besides, non-relevant empty vector DNA was also added to
reach the same amount of transfected DNA for each well.
The luciferase activity was assessed using a luciferase assay kit
(Promega, Madison, WI, United States). Data were normalized
for transfection efficiency through measuring firefly luciferase
activity and Renilla luciferase activity, and values were shown
as the ratio between firefly and Renilla luciferase. Data were
expressed as means ± standard deviations (SDs) from three
independent experiments.

Confocal Microscopy
The confocal microscopy experiments were carried out as
described previously (48–50). Briefly, HeLa cells were plated on
24-well plates in DMEM added with 10% FBS at a density of
2 × 105 cells per well overnight before transfection, and then
cells were transfected with 500 ng of the indicated plasmids.
Twenty-four hours posttransfection, cells were treated with 10
ng/mL of recombinant human TNF-α or mock treated for
30 min, and then the cells were fixed with 4% paraformaldehyde
(Beyotime Biotechnology, Shanghai, China) for 30 min at 37◦C
and incubated in 0.2% Triton X-100 (Beyotime Biotechnology)
for 30 min. After that, the cells were probed with the
indicated Abs (anti-p65, anti-p50, or anti-HA) for 1.5 h at
room temperature, followed by incubation with FITC-conjugated
donkey anti–mouse IgG or Cy5-conjugated goat anti–rabbit
IgG for 1 h. Finally, the cells were stained with DAPI (4’6-
diamidino-2-phe-nylindole) (Cell Signaling Technology, Inc.,
Danvers, MA, United States) for 3 to 5 min. Images were obtained
with a confocal microscope (Axio-Imager-LSM-800; Carl Zeiss,
Oberkochen, Germany) using 400 × oil-immersion objective.
Each image represented a vast majority of the cells with similar
subcellular distribution.

Viral Infection and Flow Cytometry
HEK293T cells were plated on 12-well plates (Corning) in
DMEM supplemented with 10% FBS overnight before infection,
and then WT, UL2 Del, or UL2 Rev HSV-1 BAC GFP Luc
was dissolved in DMEM medium and added to the cells at an
multiplicity of infection (MOI) of 1. The viruses were incubated
for 1.5 to 2 h at 37◦C in 5% CO2 culture incubator and then
replaced with medium containing 2% FBS to continue culture for
16 h, and then cells were harvested for flow cytometry analysis,
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TABLE 1 | Primers used for constructing the recombinant HSV-1 UL2 plasmids merged with EYFP.

Plasmids’ name Primer name Forward primer (5′→3′)

UL2 (1–334)-EYFP UL2-HindIII,EcoRI-F CGAAGCTTCGGAATTCATGAAGCGGGCCTGCAGCCG

UL2-HindIII,BamHI-R GCAAGCTTAGGATCCGTAACCGACCAGTCGATGGGTG

UL2 (1–8)-EYFP UL2 (1–8)-EcoRI-F AATTCATGAAGCGGGCCTGCAGCCGAAGCTTG

UL2 (1–8)-BamHI-R GATCCAAGCTTCGGCTGCAGGCCCGCTTCATG

UL2 (1–17)-EYFP UL2 (1–17)-EcoRI-F AATTCATGAAGCGGGCCTGCAGCCGAAGCCCCTCACCACGCCGCCGCCCATCATCGTTG

UL2 (1–17)-BamHI-R GATCCAACGATGATGGGCGGCGGCGTGGTGAGGGGCTTCGGCTGCAGGCCCGCTTCATG

UL2 (9–17)-EYFP UL2 (9–17)-EcoRI-F AATTCATGCCCTCACCACGCCGCCGCCCATCATCGTTG

UL2 (9–17)-BamHI-R GATCCAACGATGATGGGCGGCGGCGTGGTGAGGGCATG

UL2 (1–31)-EYFP UL2-HindIII,EcoRI-F CGAAGCTTCGGAATTCATGAAGCGGGCCTGCAGCCG

UL2 (1–31)-BamHI-R TTGGATCCAATTTTTGCGGCGGCGTCCCGTC

UL2 (61–75)-EYFP UL2 (61–75)-EcoRI-F AATTCATGCGCTCGTCAGGGCCGGCGGGCGCTCCTCGCCGCCCTAGAGGCTGTATG

UL2 (61–75)-BamHI-R GATCCATACAGCCTCTAGGGCGGCGAGGAGCGCCCGCCGGCCCTGACGAGCGCATG

UL2 (69–75)-EYFP UL2 (69–75)-EcoRI-F AATTCATGCCTCGCCGCCCTAGAGGCTGTTCG

UL2 (69–75)-BamHI-R GATCCGAACAGCCTCTAGGGCGGCGAGGCATG

UL2 (69–224)-EYFP UL2 (69–224)-EcoRI-F TTGAATTCATGCCTCGCCGCCCTAGAGGCTG

UL2 (69–224)-BamHI-R AAGGATCCGTGCAACCGTGGCCGCTCATCCG

UL2 (225–334)-EYFP UL2 (225–334)-EcoRI-F TTGAATTCATGCTGGAAAAGTGGGCGCGGGAC

UL2-HindIII,BamHI-R GCAAGCTTAGGATCCGTAACCGACCAGTCGATGGGTG

UL2 (225–240)-EYFP UL2 (225–334)-EcoRI-F TTGAATTCATGCTGGAAAAGTGGGCGCGGGAC

UL2 (225–240)-BamHI-R CGGGATCCAACAGGGTCGTGTTTAGTAACAG

UL2 (225–277)-EYFP UL2 (225–334)-EcoRI-F TTGAATTCATGCTGGAAAAGTGGGCGCGGGAC

UL2 (225–277)-BamHI-R AAGGATCCAAGAGCATAAACACCAGGCCGGG

UL2 (278–334)-EYFP UL2 (278–334)-EcoRI-F TTGAATTCATGTGGGGCGCACATGCCCAGAAT

UL2-HindIII,BamHI-R GCAAGCTTAGGATCCGTAACCGACCAGTCGATGGGTG

UL2 (9–17) del -EYFP UL2 (9–17) del -EcoRI-F TTGAATTCTATGAAGCGGGCCTGCAGCCGAAGCCCACGTTGGACCCCACCC

UL2-HindIII,BamHI-R GCAAGCTTAGGATCCGTAACCGACCAGTCGATGGGTG

UL2 (9–17) (69–75) del -EYFP UL2 (9–17) del -EcoRI-F TTGAATTCTATGAAGCGGGCCTGCAGCCGAAGCCCACGTTGGACCCCACCC

UL2 (69–75) del-R GAAAACGTCACACCAGCGGGAGCGCCCGCCGGCCCTGACGAG

UL2 (69–75) del-F CCCGCTGGTGTGACGTTTTC

UL2-HindIII,BamHI-R GCAAGCTTAGGATCCGTAACCGACCAGTCGATGGGTG

with CytoFLEX (Beckman Coulter, Brea, CA, United States)
through 488 single fluorescent channel after gently washing
the cells with phosphate-buffered saline (PBS). The data were
analyzed using FlowJo software (Tree Star, San Carlos, CA,
United States).

RNA Isolation and Real-Time
Quantitative PCR
HEK293T cells or HeLa cells cultured in six-well plates
(1.3 × 106 cells per well) were transfected with control
vector or UL2 expression plasmid; 24 h posttransfection, cells
were treated with TNF-α (10 ng/mL) for 6 h, and total
RNA was extracted with TRIzol reagent (Invitrogen, Carlsbad,
CA, United States). Samples were then subjected to reverse
transcription to cDNA with reverse transcription (RT) reagent
(TsingKe Biotechnology, Beijing, China). The acquired cDNA
was taken as the template for RT–quantitative PCR (qPCR)
to detect the expression of housekeeping gene glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) and human IL-8 with
qPCR reagent (TsingKe), using qPCR instrument (Bio-Rad,
CFX96, Hercules, CA, United States). Primers used for
GAPDH (forward primer 5′-AGG TCG GTG TGA ACG

GAT TTG and reverse primer 5′-TGT AGA CCA TGT
AGT TGA GGT CA) and IL-8 (forward primer 5′-GGT
GCA GTT TTG CCA AGG AG and reverse primer 5′-TTC
CTT GGG GTC CAG ACA GA) were referred to Tian and
colleagues’ (51) and Na Takuathung and colleagues’ (52) reports,
respectively. Data were expressed as means ± SD from three
independent experiments.

Co-immunoprecipitation Assays and WB
Analysis
The co-immunoprecipitation (Co-IP) and WB were carried out
as described previously (8, 53–55). In brief, HEK293T cells
were cotransfected with plasmid combinations tagged with Flag,
HA, EGFP, EYFP, or Myc. Twenty-four hours posttransfection,
cells were harvested and lysed with RIPA lysis buffer (Beyotime
Biotechnology) at 4◦C for 30 min. When needed, HEK293T
cells were infected with WT HSV-1 at an MOI of 1 for 24 h
and treated with 10 ng/mL of the TNF-α for an additional
6 h. Then, an equivalent of lysates was incubated with anti-
Flag, anti-HA, anti-Myc, anti-p65, anti-p50, or non-specific
control mouse antibody (IgG) with 1:1 slurry of protein A/G
PLUS-Agarose (Santa Cruz Biotechnology, Dallas, TX, United
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FIGURE 1 | Inhibition of TNF-α–induced NF-κB activation by HSV-1 UL2. (A) HEK293T cells were transfected with promoter reporter plasmids NF-κB–Luc and
pRL-TK, together with 500 ng of Flag empty vector or pUL2-Flag plasmid. Twenty-four hours posttransfection, cells were treated with or without 10 ng/mL of the
recombinant human TNF-α and incubated for an additional 6 h, followed by cell lysed. Nuclear factor κB–driven luciferase activity was detected by DLR, as described
in section “Materials and Methods.” (B) was carried out as (A); except that for an increase indicated amounts (100, 250, and 500 ng) of UL2-Flag expression
plasmid were used. Cell lysates were divided into two aliquots; one aliquot was used for DLR detection, and the other was used for WB analysis to detect the protein
expression of transfected plasmid. The expression of UL2 was analyzed by WB with anti-Flag mAb, and β-actin was used to verify equal loading of protein in each
lane. Dual-luciferase reporter data were normalized for transfection efficiency through measuring firefly luciferase activity and Renilla luciferase activity, and values
were shown as the ratio between the firefly and Renilla luciferase. Data were expressed as means ± SD from three independent experiments. ***P < 0.001.

States) at 4◦C overnight. The bead complex was then washed
at least three times with PBS. Finally, Co-IPed proteins and cell
lysates were subjected to WB analysis with related Abs. All Co-
IP/WB assays were repeated at least three times, and similar
results were obtained. The original WB results were shown in the
section of Supplementary Material.

Statistical Analysis
Statistical analyses were performed using Student t test (unpaired
two-tailed t test) in GraphPad Prism 6 (GraphPad Software, San
Diego, CA, United States) with significant differences marked
on the figures. Significance levels were defined as ns, not
significant, P > 0.05; ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; and
∗∗∗∗P < 0.0001.

RESULTS

Inhibition of TNF-α–Induced NF-κB
Activation by HSV-1 UL2
Nuclear factor κB plays a very important role in foreign virus
infection, which can be activated by various stimuli. As a
proinflammatory cytokine, TNF-α can be rapidly recognized by
TNFR when stimulus signal acts on cells and then induces the
activation of canonical NF-κB pathway (35). Here, we attempted
to study whether HSV-1 UL2 protein can modulate NF-κB
activity. Flag-tagged UL2 expression plasmid or Flag vector was
cotransfected with reporter genes NF-κB–Luc and pRL-TK into
HEK293T cells. Twenty-four hours posttransfection, cells were
treated with TNF-α, and DLR assays were performed. As shown

in Figure 1, TNF-α treatment resulted in strong induction of
NF-κB promoter activity, but this activity was significantly down-
regulated by ectopic expression of UL2 (Figure 1A). Moreover,
when the concentration of UL2 was increased, UL2 down-
regulated NF-κB promoter activity in a dose-dependent manner
(Figure 1B). These data suggested that UL2 could inhibit TNF-
α–induced NF-κB activation.

UL2 Inhibits NF-κB–Regulated Cytokine
Expression
After TNF-α stimulation, activated NF-κB can induce the
expression of various proinflammatory cytokines, such as IL-
1, IL-6, and IL-8 (19). To further study whether UL2 also
can inhibit downstream NF-κB–regulated inflammatory cytokine
expression, DLR assays were performed to observe the IL-8
promoter activity in the presence of UL2. Flag-tagged UL2
expression plasmid or Flag vector was cotransfected with reporter
genes pXP2-pIL-8-Luc and pRL-TK into HEK293T cells. Cells
were then treated or mock-treated with TNF-α, and then IL-
8 luciferase activity was tested. As a result, IL-8 promoter
luciferase activity was effectively activated by TNF-α, but this
activation was significantly inhibited by UL2 in a dose-dependent
fashion (Figure 2A).

To further investigate the inhibitory role of UL2 in TNF-
α–regulated IL-8 production, IL-8 mRNA accumulation in
HEK293T cells was measured by RT-qPCR. As shown in
Figure 2B, IL-8 mRNA was successfully induced by TNF-α
stimulation. However, its mRNA accumulation was strongly
negatively regulated by UL2. Moreover, to confirm that the
inhibition of cytokine expression by UL2 is not cell-specific, the
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FIGURE 2 | Herpes simplex virus 1 UL2 inhibits NF-κB–driven cytokine expression. (A) HEK293T cells were cotransfected with Flag vector or diverse concentrations
(100, 250, and 500 ng) of UL2-Flag expression plasmid along with reporter plasmids pXP2-pIL-8-Luc and pRL-TK. Twenty-four hours posttransfection, cells were
treated with TNF-α (10 ng/mL) for 6 h, and luciferase activity was measured as described in Figure 1. (B) HEK293T cells were transfected with 1 µg of HA control
vector or UL2-HA expression plasmid; 24 h posttransfection, cells were treated with TNF-α (10 ng/mL) for 6 h, and then RT-qPCR analysis was performed to analyze
the relative expression level of IL-8 mRNA. Glyceraldehyde-3-phosphate dehydrogenase was used as the housekeeping gene. (C) was carried out as (B), except
that HeLa cells were used for transfection. The expression of UL2 was analyzed by WB using anti-Flag mAb or anti-HA mAb, and β-actin was used to verify equal
loading of protein in each lane. (D) HEK293T cells were mock-infected or infected with WT, UL2 Del, or UL2 Rev HSV-1 BAC GFP Luc virus at an MOI of 1 for 16 h.
Flow cytometry analysis was then carried out to detect the GFP fluorescence. (E) HEK293T cells were infected with WT, UL2 Del, or UL2 Rev HSV-1 BAC GFP Luc
virus at an MOI of 1. Sixteen hours postinfection, cells were treated with TNF-α (10 ng/mL) for 6 h. Then, RT-qPCR analysis was performed to detect the relative
expression level of IL-8 mRNA. Data were expressed as means ± SD from three independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001.
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IL-8 mRNA accumulation was also detected in HeLa cells, and
result showed that TNF-α–induced IL-8 mRNA also could be
reduced by UL2 (Figure 2C).

In order to validate the physiological function of UL2 in
inhibiting proinflammatory cytokine expression during HSV-1
infection, we first explored whether UL2 affects the replication of
HSV-1. HEK293T cells were mock-infected or infected with WT,
UL2 Del, or UL2 Rev HSV-1 BAC GFP Luc for 16 h, and then flow
cytometry analysis was performed. As results, low fluorescence
(0.11%) could be detected in the uninfected cells, whereas 10.95%
of cells with fluorescence could be detected when the cells were
infected with WT HSV-1, but only 1.38% was detected when the
cells were infected with UL2 Del HSV-1. In addition, this value
rose to 8.92% when cells were infected with UL2 Rev HSV-1
(Figure 2D). Accordingly, these results indicated that UL2 indeed
could affect the proliferation of HSV-1, which is consistent with
our recent study (41).

Subsequently, HEK293T cells infected with WT, UL2 Del, or
UL2 Rev HSV-1 BAC GFP Luc for 16 h were treated with TNF-α,
and then the relative RT-qPCR analysis was performed according
to previous studies (40, 47, 56–59), to test the IL-8 mRNA level.
As shown in Figure 2E, WT HSV-1 infection induced a trace
amount of IL-8 mRNA after TNF-α stimulation, but the UL2 Del
HSV-1 induced significantly higher level of IL-8 mRNA than WT
HSV-1 did, and the accumulation of IL-8 mRNA induced by UL2
Rev HSV-1 was similar to that of the WT HSV-1. Taken together,
these results demonstrated the significant inhibitory effect of UL2
on NF-κB–regulated IL-8 inflammatory cytokine expression.

UL2 Targets at or Downstream of p65
Level to Inhibit NF-κB Pathway
Tumor necrosis factor α activates classical NF-κB pathway
through the role of components including TRADD, TRAF2,
RIP1, TAK1, IKKα, IKKβ, and p65, and overexpression of these
signaling components can efficiently activate NF-κB pathway
without TNF-α stimulation (40, 56, 60, 61). In order to probe
at what level UL2 can inhibit the NF-κB activation, NF-κB–
Luc, pRL-TK, increasing indicated amounts of Flag-tagged or
HA-tagged UL2 expression plasmid, and the canonical NF-κB
pathway component expression plasmid were cotransfected into
HEK293T cells. Nuclear factor κB–inducing kinase (NIK), an
important component in non-classical NF-κB pathway, was also
cotransfected into cells, and the relative quantitative analysis was
performed according to previous studies (40, 47, 56–59). As a
result, NF-κB promoter was effectively activated by all of the
mentioned NF-κB pathway components, which were blocked by
UL2 in a dose-dependent manner (Figures 3A–H). Thus, these
data proved that UL2 might target at or downstream of p65 to
inhibit the NF-κB pathway.

UL2 Interacts With Endogenous p65 and
p50
In order to gain insights into the inhibition mechanism of
NF-κB activation by UL2, the cellular interaction between
UL2 and NF-κB subunit p65 or p50 was explored by Co-
IP. HEK293T cells were overexpressed with pUL2-HA and
pCMV-p65-Flag, which can activate the NF-κB signaling. Then,

reciprocal Co-IP analyses were performed with either anti-
Flag (Figure 4A) or anti-HA (Figure 4B) mAb, and results
demonstrated that UL2 could be mutually Co-IPed with p65.
Besides, similar results between UL2 and p50 were obtained
when HEK293T cells were cotransfected with pUL2-HA and
p50-Flag expression plasmids, of which the reciprocal Co-
IP analyses were also performed with anti-Flag (Figure 4C)
or anti-HA (Figure 4D) mAb, suggesting UL2 could interact
with p65 and p50.

To further investigate the interaction between UL2
and endogenous p65 or p50 during HSV-1 infection,
HEK293T cells infected with HSV-1 for 24 h were treated
with TNF-α for an additional 6 h to activate the NF-κB
signaling, and then Co-IP assays were performed with
either anti-p65 (Figure 4E) or anti-p50 (Figure 4F) pAb.
As shown in Figure 4, UL2 could be efficiently Co-IPed
with p65 or p50 in the presence of TNF-α, using anti-p65
(Figure 4E) or anti-p50 (Figure 4F) pAb, but not the control
antibody IgG. Taken together, these data indicated that
UL2 could interact with endogenous p65 and p50 during
HSV-1 infection.

The Region of Amino Acids 9 to 17 Is
Responsible for UL2 Inhibition Through
Interacting With p65 and p50
To clarify the region of UL2 required for the inhibition of
NF-κB activation, a series of truncated mutants of UL2 fused
to the N-terminus of EYFP were constructed (Figure 5A).
Then, WT or UL2 mutants or EYFP vector expression
plasmid was transfected into HEK293T cells to detect their
ability to inhibit TNF-α–induced NF-κB activation by
DLR assays. Compared to WT UL2, only aa1-17, aa9-17,
and aa1-31 truncated mutants could significantly inhibit
TNF-α–induced NF-κB promoter activity (Figure 5B), but
aa9-17 deletion [UL2(9-17)del] reduced the UL2-mediated
inhibition effect of NF-κB activation (Figure 5C), suggesting
the minimum fragment aa9-17 might be important for UL2
inhibitory activity.

To further support this hypothesis, the interaction between
aa9-17 of UL2 and p65 or p50 was analyzed. UL2(9-17)-
EYFP or UL2(278-334)-EYFP (negative control, which does
not inhibit NF-κB activity) was cotransfected with either
pCMV-p65-Flag, p50-Flag, or Flag vector expression plasmid
into HEK293T cells, and then Co-IP/WB experiments were
performed. As results, UL2(9-17)-EYFP (possesses two bands,
Figures 5E,F), but not UL2(278-334)-EYFP (contains two bands)
(Figures 5G,H), was efficiently Co-IPed by p65 (Figure 5E) and
p50 (Figure 5F) with anti-Flag mAb, whereas no such protein
was immunoprecipitated with Flag vector control (Figure 5D)
or control mouse IgG, which was consistent with the DLR
results (Figure 5B). To further determine whether aa9-17 is
the only domain that can bind to p65 and p50, the interaction
between aa9-17 deletion of UL2 and p65 or p50 was tested, and
results showed that UL2(9-17)del-EYFP (includes two bands)
still could interact with p65 and p50 (Figures 5I,J), suggesting
there are other areas that can interplay with p65 and p50.
Therefore, UL2(69-75), which also does not inhibit NF-κB
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FIGURE 3 | Herpes simplex virus 1 UL2 targets at or downstream of the p65 level to suppress NF-κB pathway. HEK293T cells were cotransfected with reporter
plasmids NF-κB–Luc, pRL-TK, and 100 ng of TRADD (A), TAK1 (B), TRAF2 (C), RIP1 (D), NIK (E), IKKα (F), IKKβ (G), or p65 (H) expression plasmid along with the
indicated amounts (100, 250, and 500 ng) of UL2-Flag or UL2-HA expression plasmid, and then luciferase activity was analyzed as described in Figure 1. Cell
lysates were analyzed by WB with corresponding tag-specific Abs to detect the expression of related plasmids, and β-actin was used to verify equal loading of
protein in each lane. Data were expressed as means ± SD from three independent experiments. **P < 0.01 and ***P < 0.001.

Frontiers in Immunology | www.frontiersin.org 8 May 2020 | Volume 11 | Article 549

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


fimmu-11-00549 May 11, 2020 Time: 19:25 # 9

Cai et al. HSV-1 UL2 Interacts With p65/p50

FIGURE 4 | Herpes simplex virus 1 UL2 interacts with endogenous p65 and p50. (A,C) HEK293T cells were cotransfected with pCMV-p65-Flag and pUL2-HA (A)
or p50-Flag and pUL2-HA (C) expression plasmids. Twenty-four hours posttransfection, cells were harvested and lysed, and the samples were then subjected to
Co-IP assays using anti-Flag mAb or non-specific mouse IgG. Western blots were probed with the indicated Abs. (B,D) HEK293T cells were cotransfected with
plasmids as described for (A,C), respectively. Protein lysates were Co-IPed using anti-HA mAb, and WBs were analyzed with the indicated Abs. (E,F) HEK293T cells
infected with WT HSV-1 at an MOI of 1 for 24 h were treated with 10 ng/mL of the TNF-α for an additional 6 h. Cells were then lysed, and the extracts were
subjected to Co-IP using anti-p65 pAb (E), anti-p50 pAb (F), or control IgG. Samples were analyzed by WBs with the indicated Abs.

promoter activity (Figure 5B), was cotransfected for Co-IP with
pCMV-p65-Flag or p50-Flag. As shown in Figure 5, UL2(69-
75) could associate with p65 and p50 (Figures 5K,L). To
further confirm this result, a double-deletion mutant UL2 (9–
17) (69–75) del-EYFP expression plasmid was constructed and
used to analyze its interaction with p65 or p50, and results
showed that UL2(9–17) (69–75) del-EYFP could not interact
with either p65 or p50 (Figures 5M,N). Consequently, these
evidences demonstrated that aa69-75 can assist the interaction
between UL2 and p65 or p50, but aa9-17 is responsible for the
inhibition of NF-κB activity through interacting with NF-κB
subunits p65 and p50.

IPT Domain of p65 Interacts With UL2
It is reported that the N-terminal Rel homology domain (RHD)
of p65 (p65-RHD) is the key domain for the dimerization,
nuclear import, and DNA binding of NF-κB to promote gene
transcription (62), and the IPT domain of p65 (p65-IPT) is
also an important functional region for the dimerization of
p65/p50 (45). To investigate the critical region of p65 for its
interaction with UL2, aa1–290 or aa291–551 of p65 expression
plasmid Pad-N-p65(1–290)-Flag or Pad-N-p65(291–551)-Flag

was first cotransfected with pUL2-HA into HEK293T cells,
and then Co-IP/WB experiments were performed. As shown
in Figure 6, aa1–290 of p65 (Figure 6B), but not aa291–
551 (Figure 6C), could associate with UL2. Because aa1-290
consists of RHD and IPT domains, the interaction between
UL2-HA and p65-RHD-Flag or p65-IPT-EGFP expression
plasmid was examined by Co-IP/WB experiments, as described
above. As a result, p65-IPT (Figure 6D), but not p65-RHD
(Figure 6E), bound to UL2.

To further determine the significance of IPT for the
interaction between p65 and UL2, IPT deletion of p65 was
constructed (p65-IPT-del-Myc) (Figure 6A) and cotransfected
with UL2-HA into HEK293T cells for Co-IP assays. Result
showed that UL2 could not interact with p65-IPT-del
(Figure 6F); we therefore presumed that whether p65-IPT could
act as a dominant negative to inhibit the interaction between
UL2 and p65. To verify this hypothesis, p65-IPT-EGFP or EGFP
vector cotransfected with pUL2-Myc expression plasmid into
HEK293T cells for 24 h was harvested and analyzed for the
interaction between UL2 and endogenous p65 by Co-IP assays
using anti-Myc mAb. As shown in Figure 6, UL2 could interact
with endogenous p65, but this interaction was significantly
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inhibited in the presence of p65-IPT (Figures 6G,H), indicating
that IPT was essential for the interaction between p65 and UL2.

UL2 Does Not Affect p65/p50
Dimerization
Because IPT is important for the formation of p65/p50
dimerization (45), we speculated whether the interaction between

UL2 and p65-IPT could competitively inhibit the interaction
between p65 and p50 and therefore affect the formation
of heterodimer p65/p50. In order to verify this hypothesis,
expression plasmids p65-EYFP and p50-Flag (overexpression can
activate the NF-κB signaling) were cotransfected with pUL2-
HA or HA vector into HEK293T cells, and then Co-IP, which
is an accepted technique to detect protein–protein dimerization
(such as p65/p50) (44, 63, 64), was carried out with anti-Flag

FIGURE 5 | Continued
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FIGURE 5 | The region of aa9-17 is responsible for HSV-1 UL2 inhibition of NF-κB activity through interacting with p65 and p50. (A) Schematic representations of
WT and truncated mutants of UL2 constructed in our laboratory. (B,C) HEK293T cells were cotransfected with NF-κB–Luc and pRL-TK reporter plasmids, along
with 500 ng of EYFP empty vector or plasmid encoding EYFP-fused WT or truncated mutants of UL2. Twenty-four hours posttransfection, cells were treated with or
without TNF-α (10 ng/mL) for 6 h, and luciferase activity was analyzed, as described in Figure 1. Data were expressed as means ± SD from three independent
experiments. (D–N) HEK293T cells were cotransfected with pUL2(9-17)-EYFP and Flag vector (D), pUL2(9-17)-EYFP and pCMV-p65-Flag (E), pUL2(9-17)-EYFP
and p50-Flag (F), pUL2(278-334)-EYFP and pCMV-p65-Flag (G), pUL2(278-334)-EYFP and p50-Flag (H), pUL2(9-17)del-EYFP and pCMV-p65-Flag (I),
pUL2(9-17)del-EYFP and p50-Flag (J), pUL2(69-75)-EYFP and pCMV-p65-Flag (K), pUL2(69-75)-EYFP and p50-Flag (L), pUL2(9-17)(69-75)del-EYFP and
pCMV-p65-Flag (M), or pUL2(9-17)(69-75)del-EYFP and p50-Flag (N) expression plasmids. Twenty-four hours posttransfection, cells were harvested and lysed, and
the samples were then subjected to Co-IP assays using anti-Flag mAb, anti-EYFP or non-specific mouse IgG. Western blots were probed with the indicated Abs.
**P < 0.01.

mAb. As shown in Figure 7, there was no obvious difference in
the interaction bands between p65 and p50 in the presence of
HA vector or UL2, suggesting that UL2 did not influence the
p65/p50 dimerization.

UL2 Does Not Block TNF-α–Induced p65
and p50 Nuclear Translocation
After TNF-α binds to TNFR, IκBα is phosphorylated by IKKs,
followed by its ubiquitination and degradation, and then the
p65/p50 dimer was released and translocated into nucleus (30,
35, 36), which is important for the NF-κB activation. Here, HeLa
cells, which are widely employed in different studies for indirect
immunofluorescence assay as its nucleus, are obviously larger
than cytoplasm (40, 56, 60, 61, 65–74), were used to test whether
UL2 could block the nuclear translocations of p65 and p50.
As shown in Figure 8 and statistical analysis of the subcellular
localization in Table 2 that is widely applied in many studies
(61, 67, 68, 70, 71), p65 and p50 were localized exclusively to the
cytoplasm in the mock-stimulated HeLa cells, which were then
translocated into the nuclei after TNF-α treatment. However,
ectopic expression of UL2 could not restrict TNF-α–mediated

nuclear accumulation of p65 or p50. These results revealed that
the binding of UL2 to p65-IPT was insufficient to prohibit the
nuclear translocation of NF-κB.

p65 Phosphorylation Is Suppressed by
UL2
Regulation of NF-κB activity is crucial for the selection
and transcriptional activity of NF-κB target genes. Various
posttranslational modifications influence the binding affinity
of NF-κB to DNA and its interactions with coactivators and
coreceptors (75, 76). p65 phosphorylation is an important
modification of NF-κB to regulatory its activity. It has been
reported that p65 phosphorylation occurs at multiple sites, and
the most vital phosphorylations are Ser536 and Ser276 (76).
The aforementioned results demonstrated that UL2 targeted at
the p65 level and interacted with endogenous p65 and p50
to inhibit NF-κB pathway. To further clarify the inhibition
mechanism of NF-κB activation by UL2, the effect of UL2 on p65
phosphorylation was examined. HEK293T cells were transfected
with pUL2-HA or HA vector; 24 h posttransfection, cells were
treated with TNF-α for 0, 30, and 60 min according to previous

Frontiers in Immunology | www.frontiersin.org 11 May 2020 | Volume 11 | Article 549

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


fimmu-11-00549 May 11, 2020 Time: 19:25 # 12

Cai et al. HSV-1 UL2 Interacts With p65/p50

FIGURE 6 | p65-IPT is associated with HSV-1 UL2. (A) Structural analysis diagrams of p65. RHD denotes Rel homology domain, and IPT denotes
immunoglobulin-like plexin transcription factor. (B–F) HEK293T cells cotransfected with pUL2-HA and p65 truncated construct, including Pad-N-p65(1-290)-Flag
(B), Pad-N-p65(291-551)-Flag (C), p65-IPT-EGFP (D), p65-RHD-Flag (E), or p65-IPT-del-Myc (F), were analyzed by Co-IP assays. (B,C,E) were Co-IPed with
anti-Flag mAb; (D,F) were Co-IPed with anti-HA (D) and anti-Myc (F) mAbs, respectively. Western blots were probed with the indicated Abs. (G) HEK293T cells
were cotransfected with expression plasmids UL2-Myc and p65-IPT-EGFP or EGFP vector. Twenty-four hours posttransfection, cell lysates were harvested and
analyzed by Co-IP assays with anti-Myc mAb, and WBs were performed with the indicated Abs. Expression level of β-actin was served as loading control.
(H) Densitometry of the UL2 and endogenous p65 protein interaction bands was normalized to β-actin. Data were expressed as means ± SD from three
independent experiments. ***P < 0.001.
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FIGURE 7 | HSV-1 UL2 does not affect the dimerization of p65/p50. (A) HEK293T cells cotransfected with expression plasmids p65-EYFP, p50-Flag, and UL2-HA
or HA vector construct for 24 h were harvested and analyzed by Co-IP assays using anti-Flag mAb, and WBs were performed using the indicated Abs. Expression
level of β-actin was served as loading control. (B) Densitometry of the p65 and p50 interaction bands was normalized to β-actin. Data were expressed as
means ± SD from three independent experiments. ns, not significant.

studies (59, 77), and then the phosphorylations of p65 (Ser536)
and p65 (Ser276) were detected by WB, which is a usual technique
to detect p65 phosphorylation (76, 78, 79). As shown in Figure 9,
the total amount of p65 expression was the same in each sample,
whereas the phosphorylation of p65 (Ser536) was significantly
inhibited by UL2, and the inhibitory effect was approximately 3
times when cells were TNF-α–treated for 30 min. However, the
inhibitory effect was not noticeable when cells were treated with
TNF-α for 60 min (Figures 9A,B). Besides, UL2 had no effect on
the phosphorylation of p65 (Ser276) when cells were treated with
TNF-α for 30 or 60 min (Figures 9C,D). Overall, these results
indicated that UL2 could suppress the p65 phosphorylation at
Ser536 to inhibit NF-κB activation.

DISCUSSION

The innate immune system, an evolutionarily ancient form of
host defense, is the first line against pathogens (80, 81). It

recognizes specific components of microorganisms, including
toxoid lipopolysaccharide, bacterial flagellin, and viral nucleic
acid and then initiates signaling cascades and eventually induces
the activation of various transcription factors or expression
of multiple inflammatory factors and antiviral proteins, which
served as a host strategy to block pathogen invasion and spread
within cells (82). It is well known that NF-κB is a critical regulator
of the host innate immune system. Nuclear factor κB binds
to downstream gene enhancer or promoter sequences, which
ultimately mediates gene transcription and expression, leading
to the up-regulation of hundreds of different chemokines and
cytokines and expression of a variety of antiviral proteins (83).

In order to survive in the host, viruses have evolved
and developed different mechanisms to evade host’s antiviral
response. As we all know, NF-κB provides an attractive target
to different viruses for modulating host TNF-mediated events
(30). Therefore, NF-κB signaling pathway deserves to be the
victim challenged by these viruses. In the early infection, 073
protein of orf virus is reported to inhibit TNF-α–induced NF-κB
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FIGURE 8 | HSV-1 UL2 does not block the TNF-α–induced nuclear translocation of p65 or p50. HeLa cells were transfected with HA vector or UL2-HA expression
plasmid. Twenty-four hours posttransfection, cells were treated with TNF-α (10 ng/mL) or mock-treated for 30 min. Then, cells were stained with anti-HA mAb and
anti-p65 pAb (A) or anti-p50 pAb (B). Fluorescein isothiocyanate–conjugated donkey anti–mouse IgG (green) and Cy5-conjugated goat anti–rabbit IgG (red) were
used as the secondary Abs. Cell nuclei were stained with DAPI (blue). All of the transfected cells were analyzed by a confocal microscope (Axio-Imager-LSM-800;
Zeiss), and the photomicrographs were taken at a magnification of 400×. Each image represented a vast majority of the cells with similar subcellular distribution.
Statistical analysis of the subcellular localization of p65 or p50 in the absence or presence of UL2 is shown in Table 2.
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activation through the interaction with IKK regulatory subunit
NEMO to decrease the phosphorylation of IKKα, IKKβ, and
IκBα, which finally blocks the nuclear translocation of p65
(84). The primate simian immunodeficiency virus–encoded Vpr
protein can target IKK complex and stabilize IκBα to inhibit
p65 phosphorylation, which subsequently block the NF-κB–
dependent immune activation (85). Herpes simplex virus 1
also can encode some proteins to affect the transcriptional
activation of NF-κB. For example, UL24, UL42, US3, and
ICP0 are shown to inhibit TNF-α–induced NF-κB activation
by preventing the nuclear translocation of NF-κB (40, 56,
60, 61). In our study, we demonstrated that UL2 protein
could interact with endogenous p65 and p50 to inhibit NF-κB
activity by attenuating TNF-α–induced p65 phosphorylation at
Ser536, which therefore could down-regulate the transcription of
downstream IL-8. Currently, the specific mechanism of how p65
Ser536 phosphorylation induces downstream signal transmission
is not clear. It is reported that phosphorylation at Ser536 in
the C-terminal transactivation domain (TAD) of p65 leads to
enhanced transactivation of NF-κB–dependent target genes (such
as IL-8) transcription, through increased CBP/p300 binding and
acetylation at K310 of p65 (77, 86–90).

Immunoglobulin-like plexin transcription factor is a key
domain for p65 to form p65/p50 (45). Study shows that the
2C protein of enterovirus 71 can interact with p65-IPT and
disrupt p65/p50 heterodimer to suppress NF-κB activation
(44). However, UL2 could not affect the formation of p65/p50
dimerization in our study. Besides, p65/p50 nuclear translocation
is essential for the transcription activity of NF-κB (56). Thus,
we wondered if UL2 could hijack p65 and p50 in the cytoplasm
to prevent NF-κB activation. Regrettably, UL2 could not inhibit
TNF-α–induced nuclear translocation of p65 or p50, which may
due to the reason that RHD of p65 or p50 is also crucial for the
dimerization, DNA binding, and nuclear import of NF-κB (62),
and UL2 only could interact with the IPT domain of p65.

Nuclear factor κB posttranslational modification is also critical
for recruiting the transcriptional apparatus and stimulating target
gene expression (91–93). Phosphorylation of NF-κB involves
the release of NF-κB from IκB, nuclear transport, processing
of precursors, stabilization of dimerization, and DNA binding
(94). Study has shown that p65 phosphorylation at Ser536 is
required for p65 transactivation, which also affects p65 binding
to DNA and the recruitment of p300 (92). Furthermore, p65
phosphorylation at Ser276 can lead to a conformational change
of p65, exposing the p65 C-terminal TAD, thereby to promote
its transcriptional activity (93). Pollock and colleagues (95)
demonstrate that the small hydrophobic protein of bovine
respiratory syncytial virus can inhibit TNF-α–induced p65
phosphorylation at Ser536, which is responsible for blocking
the NF-κB pathway. Moreover, orf virus 002 protein can inhibit
p65 phosphorylation at Ser276 and block the acetylation of p65,
which eventually reduce NF-κB activity (76). In the present
study, we identified that UL2 inhibited the phosphorylation
of p65 (Ser536) at 30 min after TNF-α treatment, and the
inhibitory effect is approximately three times when compared
to HA vector. However, the inhibition effect is not noticeable
at 60 min. The most probable reason for this result is due to
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FIGURE 9 | p65 phosphorylation at Ser536 is suppressed by HSV-1 UL2. (A,C) HEK293T cells transfected with either HA empty vector or UL2-HA expression
plasmid were stimulated with TNF-α (20 ng/mL) for the indicated times (0, 30, and 60 min) according to previous studies (59, 77), and then equal amounts of cell
lysates were analyzed by WBs with phospho-NF-κB–p65 (Ser536) Ab (A), phospho-NF-κB–p65 (Ser276) Ab (C) (top panel), or anti-p65 pAb (second panel). Protein
levels of UL2 (third panel) and β-actin (bottom panel) in the same cell lysates were also determined. (B,D) Densitometry of phospho-NF-κB–p65 Ser536 (B) and
Ser276 bands (D) from (A,C), respectively, were normalized to loading control β-actin. Data were expressed as means ± SD from three independent experiments.
ns, not significant and ***P < 0.001.

that TNF-α–induced p65 phosphorylation at Ser536 is activated
after stimulation for 10 min and then gradually increased and
peaked at 60 min. It starts to decrease after 2 h, and the expression
level is restored to the same amount as no treatment when
stimulation is extended to 4 h (77). At the beginning of TNF-
α stimulation, UL2 inhibited p65 phosphorylation (Ser536) at
30 min, but when the p65 phosphorylation was achieved to the
strongest at 60 min, accumulation of phosphorylated p65 reached
the maximum, presenting that the UL2 inhibitory effect was not
noticeable. In other words, UL2 inhibited p65 phosphorylation
(Ser536) at an early stage of the p65 phosphorylation cycle. It is
therefore reasonable that inhibition by UL2 follows the periodic
oscillation of p65 phosphorylation (Ser536). Additionally, UL2
had no significant effect on the p65 phosphorylation at Ser276.

According to our DLR results, UL2 not only could inhibit
the NF-κB activation through classical pathway, but also could
effectively inhibit the NF-κB promoter activity activated by the
non-canonical NF-κB signaling pathway components of IKKα

and NIK, indicating UL2 might also be an antagonist of the
non-canonical NF-κB signaling pathway.

The relationship between HSV-1 infection and innate
immunity is rather complex. The coexistence of the virus and
host must come to a state of balance. The same is true for
the balance between HSV-1 and NF-κB immune response. After
HSV-1 infection, certain proteins including UL31 (96), UL37
(97), glycoprotein B (gB), gH, gL (47, 98, 99), and gD (100)
can transiently activate the classical NF-κB pathway and up-
regulate the expression of some host genes to facilitate viral
replication and propagation. It is proven that the host protein
IκBα contributes to the effective replication of HSV-1, and IKKα

and IKKβ also contribute to the accumulation of viral production
in HSV-1–infected cells (101). However, NF-κB is not infinitely
activated, the inflammatory cytokines induced by NF-κB in turn
can inhibit viral infection. Thus, HSV-1 may transiently activate
NF-κB to initiate its early infection and then escape the immune
surveillance with its viral gene products, to balance between
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virus replication and host antiviral response. To date, UL2,
UL24, UL42, US3, and ICP0 are demonstrated to possess the
competence to suppress TNF-α–induced NF-κB activity (40, 56,
60, 61), which are considered equally important for the synergetic
inhibition of NF-κB activity at various levels of NF-κB signaling
pathway during diverse stages of HSV-1 life cycle.

CONCLUSION

In conclusion, here we demonstrated that UL2 was an
antagonistic protein for negatively regulating NF-κB signaling
pathway by impairing the phosphorylation of p65 at Ser536 to
interrupt the host’s antiviral response. Accordingly, UL2 may be
an important regulator for the balance between HSV-1 infection
and host NF-κB innate immunity.

DATA AVAILABILITY STATEMENT

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

AUTHOR CONTRIBUTIONS

MC and ML designed the research. MC, ZL, XZ, ZX, YW, TL,
YL, XO, YD, and YG performed the research. MC, ZL, and ML
analyzed the data. TP consulted and advised on the research. MC,
ZL, and ML wrote and reviewed the manuscript. All authors read
and approved the final manuscript.

FUNDING

This work was supported by grants from the National Natural
Science Foundation of China (81772179), the Natural Science
Foundation of Guangdong Province (2019A1515010395 and

2018A0303130257), the Regular University Distinguished
Innovation Project from Education Department of Guangdong
Province, China (2018KTSCX184), the Guangzhou Health &
Medical Collaborative Innovation Program (201803040007),
the Guangzhou Innovation & Entrepreneurship Leading Team
Program (CYLJTD-201602), the Guangzhou Entrepreneurship
Leading Talents Program (LYC201315), the Science and
Technology Program of Guangzhou Development District
(2018-L081), the High-Level Universities Academic Backbone
Development Program of Guangzhou Medical University,
the Nanshan scholar training program of Guangzhou
Medical University, the Undergraduate Laboratory Opening
Project of Guangzhou Medical University (2019), and
the Training Programs of Innovation and Entrepreneur-
ship for Undergraduates in Guangzhou Medical University
(2019A096 and 2019A107).

ACKNOWLEDGMENTS

We thank Dr. Zhengli Shi (NF-κB–Luc and pRL-TK), Dr.
Wenlin Huang (pXP2-pIL-8-Luc), Dr. Chunfu Zheng (pFlag-
TRADD, pTRAF2-Flag, pRIP1-Flag and p65-RHD-Flag), Dr. Jun
Cui (pFlag-TAK1 and pNIK-Flag), Prof. Katherine A. Fitzgerald
(pCMV-Flag-p65), Dr. Karl-Klaus Conzelmann (pFlag-p50),
Prof. Gangmin Hur (pHA-IKKα), Prof. Rao Anjana (pFlag-
IKKβ), Dr. Masataka Kinjo (pp65-IPT-EGFP), and Prof. An
Hong (pp65-EYFP) for the generous gifts of plasmids as
indicated. We also thank Dr. Leiliang Zhang for plasmids Pad-N-
p65(1-290)-Flag and Pad-N-p65(291-551)-Flag, and Dr. Chunfu
Zheng for the HSV-1 BAC GFP Luc and kindly technical help of
UL2 related HSV-1 recombinant virus construction.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2020.00549/full#supplementary-material

REFERENCES
1. Steiner I, Benninger F. Update on herpes virus infections of the nervous

system. Curr Neurol Neurosci Rep. (2013) 13:414. doi: 10.1007/s11910-013-
0414-8

2. Evans CM, Kudesia G, McKendrick M. Management of herpesvirus
infections. Int J Antimicrob Agents. (2013) 42:119-128. doi: 10.1016/j.
ijantimicag.2013.04.023

3. Bernstein DI, Bellamy AR, Hook EW III, Levin MJ, Wald A, Ewell
MG, et al. Epidemiology, clinical presentation, and antibody response
to primary infection with herpes simplex virus type 1 and type 2
in young women. Clin Infect Dis. (2013) 56:344-351. doi: 10.1093/cid/
cis891

4. Kwon MS, Carnt NA, Truong NR, Pattamatta U, White AJ, Samarawickrama
C, et al. Dendritic cells in the cornea during Herpes simplex viral infection
and inflammation. Surv Ophthalmol. (2017) 63:565-578. doi: 10.1016/j.
survophthal.2017.11.001

5. Bogani F, Chua CN, Boehmer PE. Reconstitution of uracil DNA glycosylase-
initiated base excision repair in herpes simplex virus-1. J Biol Chem. (2009)
284:16784-16790. doi: 10.1074/jbc.M109.010413

6. Wang HC, Ho CH, Chou CC, Ko TP, Huang MF, Hsu KC, et al. Using
structural-based protein engineering to modulate the differential inhibition
effects of SAUGI on human and HSV uracil DNA glycosylase. Nucleic Acids
Res. (2016) 44:4440-4449. doi: 10.1093/nar/gkw185

7. Zharkov DO. Base excision DNA repair. Cell Mol Life Sci. (2008) 65:1544-
1565. doi: 10.1007/s00018-008-7543-2

8. Cai M, Huang Z, Liao Z, Chen T, Wang P, Jiang S, et al. Characterization
of the subcellular localization and nuclear import molecular mechanisms of
herpes simplex virus 1 UL2. Biol Chem. (2017) 398:509-517. doi: 10.1515/hsz-
2016-0268

9. Bogani F, Corredeira I, Fernandez V, Sattler U, Rutvisuttinunt W, Defais M,
et al. Association between the herpes simplex virus-1 DNA polymerase and
uracil DNA glycosylase. J Biol Chem. (2010) 285:27664-27672. doi: 10.1074/
jbc.M110.131235

10. Xing J, Wang S, Li Y, Guo H, Zhao L, Pan W, et al. Characterization of the
subcellular localization of herpes simplex virus type 1 proteins in living cells.
Med Microbiol Immunol. (2011) 200:61-68. doi: 10.1007/s00430-010-0175-9

11. Pyles RB, Thompson RL. Evidence that the herpes simplex virus type 1 uracil
DNA glycosylase is required for efficient viral replication and latency in the
murine nervous system. J Virol. (1994) 68:4963-4972.

Frontiers in Immunology | www.frontiersin.org 17 May 2020 | Volume 11 | Article 549

https://www.frontiersin.org/articles/10.3389/fimmu.2020.00549/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2020.00549/full#supplementary-material
https://doi.org/10.1007/s11910-013-0414-8
https://doi.org/10.1007/s11910-013-0414-8
https://doi.org/10.1016/j.ijantimicag.2013.04.023
https://doi.org/10.1016/j.ijantimicag.2013.04.023
https://doi.org/10.1093/cid/cis891
https://doi.org/10.1093/cid/cis891
https://doi.org/10.1016/j.survophthal.2017.11.001
https://doi.org/10.1016/j.survophthal.2017.11.001
https://doi.org/10.1074/jbc.M109.010413
https://doi.org/10.1093/nar/gkw185
https://doi.org/10.1007/s00018-008-7543-2
https://doi.org/10.1515/hsz-2016-0268
https://doi.org/10.1515/hsz-2016-0268
https://doi.org/10.1074/jbc.M110.131235
https://doi.org/10.1074/jbc.M110.131235
https://doi.org/10.1007/s00430-010-0175-9
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


fimmu-11-00549 May 11, 2020 Time: 19:25 # 18

Cai et al. HSV-1 UL2 Interacts With p65/p50

12. Lu CC, Huang HT, Wang JT, Slupphaug G, Li TK, Wu MC, et al.
Characterization of the uracil-DNA glycosylase activity of Epstein-Barr virus
BKRF3 and its role in lytic viral DNA replication. J Virol. (2007) 81:1195-
1208. doi: 10.1128/JVI.01518-06

13. Ward TM, Williams MV, Traina-Dorge V, Gray WL. The simian varicella
virus uracil DNA glycosylase and dUTPase genes are expressed in vivo, but
are non-essential for replication in cell culture. Virus Res. (2009) 142:78–84.
doi: 10.1016/j.virusres.2009.01.013

14. Strang BL, Coen DM. Interaction of the human cytomegalovirus uracil DNA
glycosylase UL114 with the viral DNA polymerase catalytic subunit UL54. J
Gen Virol. (2010) 91(Pt 8):2029-2033. doi: 10.1099/vir.0.022160-0

15. Hendricks U, Crous W, Naidoo KJ. Computational rationale for the selective
inhibition of the herpes simplex virus type 1 uracil-DNA glycosylase enzyme.
J Chem Inf Model. (2014) 54:3362-3372. doi: 10.1021/ci500375a

16. Focher F, Verri A, Verzeletti S, Mazzarello P, Spadari S. Uracil in OriS of
herpes simplex 1 alters its specific recognition by origin binding protein
(OBP): does virus induced uracil-DNA glycosylase play a key role in viral
reactivation and replication? Chromosoma. (1992) 102(1 Suppl.):S67-S71.

17. Pyles RB, Sawtell NM, Thompson RL. Herpes simplex virus type 1
dUTPase mutants are attenuated for neurovirulence, neuroinvasiveness, and
reactivation from latency. J Virol. (1992) 66:6706-6713.

18. Lee K, Kolb AW, Larsen I, Craven M, Brandt CR. Mapping murine corneal
neovascularization and weight loss virulence determinants in the herpes
simplex virus 1 genome and the detection of an epistatic interaction between
the UL and IRS/US Regions. J Virol. (2016) 90:8115-8131. doi: 10.1128/JVI.
00821-16

19. Melchjorsen J, Rintahaka J, Soby S, Horan KA, Poltajainen A, Ostergaard
L, et al. Early innate recognition of herpes simplex virus in human
primary macrophages is mediated via the MDA5/MAVS-dependent and
MDA5/MAVS/RNA polymerase III-independent pathways. J Virol. (2010)
84:11350-11358. doi: 10.1128/jvi.01106-10

20. Sato A, Linehan MM, Iwasaki A. Dual recognition of herpes simplex viruses
by TLR2 and TLR9 in dendritic cells. Proc Natl Acad Sci USA. (2006)
103:17343-17348. doi: 10.1073/pnas.0605102103

21. Wang JP, Bowen GN, Zhou S, Cerny A, Zacharia A, Knipe DM, et al. Role
of specific innate immune responses in herpes simplex virus infection of the
central nervous system. J Virol. (2012) 86:2273-2281. doi: 10.1128/JVI.06010-
11

22. Furr SR, Chauhan VS, Moerdyk-Schauwecker MJ, Marriott I. A role for
DNA-dependent activator of interferon regulatory factor in the recognition
of herpes simplex virus type 1 by glial cells. J Neuroinflammation. (2011) 8:99.
doi: 10.1186/1742-2094-8-99

23. Luecke S, Paludan SR. Innate recognition of alphaherpesvirus DNA. Adv
Virus Res. (2015) 92:63–100. doi: 10.1016/bs.aivir.2014.11.003

24. Melchjorsen J, Matikainen S, Paludan SR. Activation and evasion of innate
antiviral immunity by herpes simplex virus. Viruses. (2009) 1:737-759. doi:
10.3390/v1030737

25. Knipe DM. Nuclear sensing of viral DNA, epigenetic regulation of herpes
simplex virus infection, and innate immunity. Virology. (2015) 47:153-159.
doi: 10.1016/j.virol.2015.02.009

26. Lin Y, Zheng CA. Tug of war: DNA-sensing antiviral innate immunity and
herpes simplex virus type I infection. Front Microbiol. (2019) 10:2627. doi:
10.3389/fmicb.2019.02627

27. Zheng C. Evasion of cytosolic DNA-stimulated innate immune responses by
herpes simplex virus 1. J Virol. (2018) 92:e99-e17. doi: 10.1128/JVI.00099-17

28. Li Q, Verma IM. NF-kappaB regulation in the immune system. Nat Rev
Immunol. (2002) 2:725-734. doi: 10.1038/nri910

29. Huang DB, Vu D, Ghosh G. NF-kappaB RelB forms an intertwined
homodimer. Structure. (2005) 13:1365-1373. doi: 10.1016/j.str.2005.06.018

30. Rahman MM, McFadden G. Modulation of NF-kappaB signalling by
microbial pathogens. Nat Rev Microbiol. (2011) 9:291–306. doi: 10.1038/
nrmicro2539

31. McCool KW, Miyamoto S. DNA damage-dependent NF-kappaB activation:
NEMO turns nuclear signaling inside out. Immunol Rev. (2012) 246:311-326.
doi: 10.1111/j.1600-065X.2012.01101.x

32. Lingappan K. NF-kappaB in oxidative stress. Curr Opin Toxicol. (2018)
7:81-86. doi: 10.1016/j.cotox.2017.11.002

33. Hayden MS, Ghosh S. Regulation of NF-kappaB by TNF family cytokines.
Semin Immunol. (2014) 26:253-266. doi: 10.1016/j.smim.2014.05.004

34. Tang X, Zhang L, Wei W. Roles of TRAFs in NF-kappaB signaling pathways
mediated by BAFF. Immunol Lett. (2018) 196:113-118. doi: 10.1016/j.imlet.
2018.01.010

35. Pires BRB, Silva R, Ferreira GM. NF-kappaB: two sides of the same coin.
Genes. (2018) 9:24. doi: 10.3390/genes9010024

36. Chan FK, Chun HJ, Zheng L, Siegel RM, Bui KL, Lenardo MJ. A domain
in TNF receptors that mediates ligand-independent receptor assembly and
signaling. Science. (2000) 288:2351-2354.

37. Nagendraprabhu P, Khatiwada S, Chaulagain S, Delhon G. A parapoxviral
virion protein targets the retinoblastoma protein to inhibit NF-kappaB
signaling. PLoS Pathog. (2017) 13:e1006779. doi: 10.1371/journal.ppat.
1006779

38. Gao S, Song L, Li J, Zhang Z, Peng H, Jiang W, et al. Influenza a virus-encoded
NS1 virulence factor protein inhibits innate immune response by targeting
IKK. Cell Microbiol. (2012) 14:1849-1866. doi: 10.1111/cmi.12005

39. 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:e2417-e2416. doi: 10.1128/JVI.02417-16

40. 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) 88:7941-7951. doi: 10.1128/JVI.03394-13

41. Li ML, Zou XM, Wang YF, Xu Z, Ou XW, Li YW, et al. The nuclear
localization signal-mediated nuclear targeting of herpes simplex virus 1
early protein UL2 is important for efficient viral production. Aging. (2020)
12:2921-2938. doi: 10.18632/aging.102786

42. Tanaka M, Kagawa H, Yamanashi Y, Sata T, Kawaguchi Y. Construction of an
excisable bacterial artificial chromosome containing a full-length infectious
clone of herpes simplex virus type 1: viruses reconstituted from the clone
exhibit wild-type properties in vitro and in vivo. J Virol. (2003) 77:1382-1391.

43. Cai M, Liao Z, Chen T, Wang P, Zou X, Wang Y, et al. Characterization of the
subcellular localization of Epstein-Barr virus encoded proteins in live cells.
Oncotarget. (2017) 8:70006-70034. doi: 10.18632/oncotarget.19549

44. 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

45. Tiwari M, Oasa S, Yamamoto J, Mikuni S, Kinjo MA. Quantitative study of
internal and external interactions of homodimeric glucocorticoid receptor
using fluorescence cross-correlation spectroscopy in a live cell. Sci Rep. (2017)
7:4336. doi: 10.1038/s41598-017-04499-7

46. Li X, Xing D, Wang J, Zhu DB, Zhang L, Chen XJ, et al. Effects of
IkappaBalpha and its mutants on NF-kappaB and p53 signaling pathways.
World J Gastroenterol. (2006) 12:6658-6664.

47. Cai MS, Li ML, Wang KZ, Wang S, Lu Q, Yan JH, et al. The herpes simplex
virus 1-encoded envelope glycoprotein B activates NF-kappaB through the
Toll-like receptor 2 and MyD88/TRAF6-dependent signaling pathway. PLoS
One. (2013) 8:e54586. doi: 10.1371/journal.pone.0054586

48. Li M, Cui W, Mo C, Wang J, Zhao Z, Cai M. Cloning, expression, purification,
antiserum preparation and its characteristics of the truncated UL6 protein
of herpes simplex virus 1. Mol Biol Rep. (2014) 41:5997–6002. doi: 10.1007/
s11033-014-3477-y

49. Cai MS, Jiang S, Mo CC, Wang JL, Huang JL, Zeng ZC, et al. Preparation
and identification of an antiserum against recombinant UL31 protein of
pseudorabies virus. Acta Virol. (2015) 59:295-299.

50. Li M, Li Z, Li W, Wang B, Ma C, Chen J, et al. Preparation and
characterization of an antiserum against truncated UL54 protein of
pseudorabies virus. Acta Virol. (2012) 56:315-322.

51. Tian B, Zhao Y, Kalita M, Edeh CB, Paessler S, Casola A, et al. CDK9-
dependent transcriptional elongation in the innate interferon-stimulated
gene response to respiratory syncytial virus infection in airway epithelial cells.
J Virol. (2013) 87:7075-7092. doi: 10.1128/jvi.03399-12

52. Na Takuathung M, Wongnoppavich A, Pitchakarn P, Panthong A, Khonsung
P, Chiranthanut N. Effects of wannachawee recipe with antipsoriatic
activity on suppressing inflammatory cytokine production in HaCaT human
keratinocytes. Evid Based Complement Alternat Med. (2017) 2017:5906539.
doi: 10.1155/2017/5906539

Frontiers in Immunology | www.frontiersin.org 18 May 2020 | Volume 11 | Article 549

https://doi.org/10.1128/JVI.01518-06
https://doi.org/10.1016/j.virusres.2009.01.013
https://doi.org/10.1099/vir.0.022160-0
https://doi.org/10.1021/ci500375a
https://doi.org/10.1128/JVI.00821-16
https://doi.org/10.1128/JVI.00821-16
https://doi.org/10.1128/jvi.01106-10
https://doi.org/10.1073/pnas.0605102103
https://doi.org/10.1128/JVI.06010-11
https://doi.org/10.1128/JVI.06010-11
https://doi.org/10.1186/1742-2094-8-99
https://doi.org/10.1016/bs.aivir.2014.11.003
https://doi.org/10.3390/v1030737
https://doi.org/10.3390/v1030737
https://doi.org/10.1016/j.virol.2015.02.009
https://doi.org/10.3389/fmicb.2019.02627
https://doi.org/10.3389/fmicb.2019.02627
https://doi.org/10.1128/JVI.00099-17
https://doi.org/10.1038/nri910
https://doi.org/10.1016/j.str.2005.06.018
https://doi.org/10.1038/nrmicro2539
https://doi.org/10.1038/nrmicro2539
https://doi.org/10.1111/j.1600-065X.2012.01101.x
https://doi.org/10.1016/j.cotox.2017.11.002
https://doi.org/10.1016/j.smim.2014.05.004
https://doi.org/10.1016/j.imlet.2018.01.010
https://doi.org/10.1016/j.imlet.2018.01.010
https://doi.org/10.3390/genes9010024
https://doi.org/10.1371/journal.ppat.1006779
https://doi.org/10.1371/journal.ppat.1006779
https://doi.org/10.1111/cmi.12005
https://doi.org/10.1128/JVI.02417-16
https://doi.org/10.1128/JVI.03394-13
https://doi.org/10.18632/aging.102786
https://doi.org/10.18632/oncotarget.19549
https://doi.org/10.1038/srep14302
https://doi.org/10.1038/s41598-017-04499-7
https://doi.org/10.1371/journal.pone.0054586
https://doi.org/10.1007/s11033-014-3477-y
https://doi.org/10.1007/s11033-014-3477-y
https://doi.org/10.1128/jvi.03399-12
https://doi.org/10.1155/2017/5906539
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


fimmu-11-00549 May 11, 2020 Time: 19:25 # 19

Cai et al. HSV-1 UL2 Interacts With p65/p50

53. Cai M, Jiang S, Zeng Z, Li X, Mo C, Yang Y, et al. Probing the nuclear import
signal and nuclear transport molecular determinants of PRV ICP22. Cell
Biosci. (2016) 6:3. doi: 10.1186/s13578-016-0069-7

54. Cai M, Si J, Li X, Zeng Z, Li M. Characterization of the nuclear import
mechanisms of HSV-1 UL31. Biol Chem. (2016) 397:555-561. doi: 10.1515/
hsz-2015-0299

55. Li M, Wang S, Cai M, Guo H, Zheng C. Characterization of molecular
determinants for nucleocytoplasmic shuttling of PRV UL54. Virology. (2011)
417:385-393. doi: 10.1016/j.virol.2011.06.004

56. Zhang J, Wang K, Wang S, Zheng C. Herpes simplex virus 1 E3 ubiquitin
ligase ICP0 protein inhibits tumor necrosis factor alpha-induced NF-kappaB
activation by interacting with p65/RelA and p50/NF-kappaB1. J Virol. (2013)
87:12935-12948. doi: 10.1128/JVI.01952-13

57. Zhang D, Su C, Zheng C. Herpes simplex virus 1 serine protease VP24 Blocks
the DNA-sensing signal pathway by abrogating activation of interferon
regulatory factor 3. J Virol. (2016) 90:5824-5829. doi: 10.1128/JVI.00186-16

58. Li M, Liao Z, Xu Z, Zou X, Wang Y, Peng H, et al. The interaction mechanism
between Herpes simplex virus 1 Glycoprotein D and host antiviral protein
viperin. Front Immunol. (2019) 10:2810. doi: 10.3389/fimmu.2019.02810

59. Chen T, Wang Y, Xu Z, Zou X, Wang P, Ou X, et al. Epstein-Barr virus
tegument protein BGLF2 inhibits NF-kappaB activity by preventing p65
Ser536 phosphorylation. FASEB J. (2019) 33:10563-10576. doi: 10.1096/fj.
201901196RR

60. 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-kappaB1. Med Microbiol Immunol.
(2013) 202:313-325. doi: 10.1007/s00430-013-0295-0

61. 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:JVI.25-JVI.17. doi: 10.1128/JVI.00025-17

62. May MJ, Ghosh S. Rel/NF-kappa B and I kappa B proteins: an overview.
Semin Cancer Biol. (1997) 8:63–73. doi: 10.1006/scbi.1997.0057

63. Nie Y, Ran Y, Zhang HY, Huang ZF, Pan ZY. GPATCH3 negatively regulates
RLR-mediated innate antiviral responses by disrupting the assembly of VISA
signalosome. PLoS Pathog. (2017) 13:e1006328. doi: 10.1371/journal.ppat.
1006328

64. Choi HJ, Park A, Kang S, Lee E, Lee TA, Ra EA, et al. Human
cytomegalovirus-encoded US9 targets MAVS and STING signaling to evade
type I interferon immune responses. Nat Commun. (2018) 9:125. doi:
10.1038/s41467-017-02624-8

65. Zhu H, Zheng C, Xing J, Wang S, Li S, Lin R, et al. Varicella-zoster
virus immediate-early protein ORF61 abrogates the IRF3-mediated innate
immune response through degradation of activated IRF3. J Virol. (2011)
85:11079-11089. doi: 10.1128/JVI.05098-11

66. Xing J, 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) 87:9788-9801. doi: 10.1128/JVI.
01440-13

67. Xing J, Wang S, Lin R, Mossman KL, Zheng C. Herpes simplex virus 1
tegument protein US11 downmodulates the RLR signaling pathway via direct
interaction with RIG-I and MDA-5. J Virol. (2012) 86:3528-3540. doi: 10.
1128/JVI.06713-11

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

69. Wang K, Zou C, Wang X, Huang C, Feng T, Pan W, et al. Interferon-
stimulated TRIM69 interrupts dengue virus replication by ubiquitinating
viral nonstructural protein 3. PLoS Pathog. (2018) 14:e1007287. doi: 10.1371/
journal.ppat.1007287

70. Dong X, Guan J, Zheng C, Zheng X. The herpes simplex virus 1 UL36USP
deubiquitinase suppresses DNA repair in host cells via deubiquitination of
proliferating cell nuclear antigen. J Biol Chem. (2017) 292:8472-8483. doi:
10.1074/jbc.M117.778076

71. Mostafa HH, Thompson TW, Davido DJ. N-terminal phosphorylation sites
of herpes simplex virus 1 ICP0 differentially regulate its activities and enhance
viral replication. J Virol. (2013) 87:2109-2119. doi: 10.1128/JVI.02588-12

72. Huang J, You H, Su C, Li Y, Chen S, Zheng C. Herpes simplex virus 1
tegument protein VP22 abrogates cGAS/STING-mediated antiviral innate
immunity. J Virol. (2018) 92:e841-e818. doi: 10.1128/JVI.00841-18

73. Wang S, Xie F, Chu F, Zhang Z, Yang B, Dai T, et al. YAP antagonizes
innate antiviral immunity and is targeted for lysosomal degradation through
IKKvarepsilon-mediated phosphorylation. Nat Immunol. (2017) 18:733-743.
doi: 10.1038/ni.3744

74. Zhang X, Zhu C, Wang T, Jiang H, Ren Y, Zhang Q, et al. GP73 represses
host innate immune response to promote virus replication by facilitating
MAVS and TRAF6 degradation. PLoS Pathog. (2017) 13:e1006321. doi: 10.
1371/journal.ppat.1006321

75. Wan F, Lenardo MJ. The nuclear signaling of NF-kappaB: current knowledge,
new insights, and future perspectives. Cell Res. (2010) 20:24–33. doi: 10.1038/
cr.2009.137

76. Ning Z, Zheng Z, Hao W, Duan C, Li W, Wang Y, et al. The N terminus
of orf virus-encoded protein 002 inhibits acetylation of NF-kappaB p65 by
preventing Ser(276) phosphorylation. PLoS One. (2013) 8:e58854. doi: 10.
1371/journal.pone.0058854

77. Yang F, Tang E, Guan K, Wang CY. IKK beta plays an essential role in the
phosphorylation of RelA/p65 on serine 536 induced by lipopolysaccharide. J
Immunol. (2003) 170:5630-5635. doi: 10.4049/jimmunol.170.11.5630

78. Diel DG, Luo S, Delhon G, Peng Y, Flores EF, Rock DL. A nuclear inhibitor of
NF-kappaB encoded by a poxvirus. J Virol. (2011) 85:264-275. doi: 10.1128/
jvi.01149-10

79. Zheng Z, Li H, Zhang Z, Meng J, Mao D, Bai B, et al. Enterovirus
71 2C protein inhibits TNF-alpha-mediated activation of NF-kappaB by
suppressing IkappaB kinase beta phosphorylation. J Immunol. (2011)
187:2202-2212. doi: 10.4049/jimmunol.1100285

80. Bottermann M, James LC. Intracellular antiviral immunity. Adv Virus Res.
(2018) 100:309-354. doi: 10.1016/bs.aivir.2018.01.002

81. Medzhitov R, Janeway C Jr. Innate immune recognition: mechanisms and
pathways. Immunol Rev. (2000) 173:89–97. doi: 10.1034/j.1600-065x.2000.
917309.x

82. Miyake K. Innate immune sensing of pathogens and danger signals by cell
surface Toll-like receptors. Semin Immunol. (2007) 19:3–10. doi: 10.1016/j.
smim.2006.12.002

83. O’Neill LA, Bowie AG. Sensing and signaling in antiviral innate immunity.
Curr Biol. (2010) 20:R328-R333. doi: 10.1016/j.cub.2010.01.044

84. Khatiwada S, Delhon G, Nagendraprabhu P, Chaulagain S, Luo S, Diel
DG, et al. A parapoxviral virion protein inhibits NF-kappaB signaling early
in infection. PLoS Pathog. (2017) 13:e1006561. doi: 10.1371/journal.ppat.
1006561

85. Hotter D, Krabbe T, Reith E, Gawanbacht A, Rahm N, Ayouba A. Primate
lentiviruses use at least three alternative strategies to suppress NF-kappaB-
mediated immune activation. PLoS Pathog. (2017) 13:e1006598. doi: 10.1371/
journal.ppat.1006598

86. Bohuslav J, Chen LF, Kwon H, Mu Y, Greene WC. p53 induces NF-
kappaB activation by an IkappaB kinase-independent mechanism involving
phosphorylation of p65 by ribosomal S6 kinase 1. J Biol Chem. (2004)
279:26115-26125. doi: 10.1074/jbc.M313509200

87. Sasaki CY, Barberi TJ, Ghosh P, Longo DL. Phosphorylation of
RelA/p65 on serine 536 defines an IκBα-independent NF-κB pathway.
J Biol Chem. (2005) 280:34538-34547. doi: 10.1074/jbc.M50494
3200

88. O’Mahony AM, Montano M, Van Beneden K, Chen LF, Greene WC. Human
T-cell lymphotropic virus type 1 tax induction of biologically Active NF-
kappaB requires IkappaB kinase-1-mediated phosphorylation of RelA/p65.
J Biol Chem. (2004) 279:18137-18145. doi: 10.1074/jbc.M401397200

89. Madrid LV, Mayo MW, Reuther JY, Baldwin AS Jr. Akt
stimulates the transactivation potential of the RelA/p65 Subunit
of NF-kappa B through utilization of the Ikappa B kinase
and activation of the mitogen-activated protein kinase p38. J
Biol Chem. (2001) 276:18934-18940. doi: 10.1074/jbc.M10110
3200

90. Chen LF, Williams SA, Mu Y, Nakano H, Duerr JM, Buckbinder L, et al.
NF-kappaB RelA phosphorylation regulates RelA acetylation. Mol Cell Biol.
(2005) 25:7966-7975.

Frontiers in Immunology | www.frontiersin.org 19 May 2020 | Volume 11 | Article 549

https://doi.org/10.1186/s13578-016-0069-7
https://doi.org/10.1515/hsz-2015-0299
https://doi.org/10.1515/hsz-2015-0299
https://doi.org/10.1016/j.virol.2011.06.004
https://doi.org/10.1128/JVI.01952-13
https://doi.org/10.1128/JVI.00186-16
https://doi.org/10.3389/fimmu.2019.02810
https://doi.org/10.1096/fj.201901196RR
https://doi.org/10.1096/fj.201901196RR
https://doi.org/10.1007/s00430-013-0295-0
https://doi.org/10.1128/JVI.00025-17
https://doi.org/10.1006/scbi.1997.0057
https://doi.org/10.1371/journal.ppat.1006328
https://doi.org/10.1371/journal.ppat.1006328
https://doi.org/10.1038/s41467-017-02624-8
https://doi.org/10.1038/s41467-017-02624-8
https://doi.org/10.1128/JVI.05098-11
https://doi.org/10.1128/JVI.01440-13
https://doi.org/10.1128/JVI.01440-13
https://doi.org/10.1128/JVI.06713-11
https://doi.org/10.1128/JVI.06713-11
https://doi.org/10.1128/JVI.02355-13
https://doi.org/10.1371/journal.ppat.1007287
https://doi.org/10.1371/journal.ppat.1007287
https://doi.org/10.1074/jbc.M117.778076
https://doi.org/10.1074/jbc.M117.778076
https://doi.org/10.1128/JVI.02588-12
https://doi.org/10.1128/JVI.00841-18
https://doi.org/10.1038/ni.3744
https://doi.org/10.1371/journal.ppat.1006321
https://doi.org/10.1371/journal.ppat.1006321
https://doi.org/10.1038/cr.2009.137
https://doi.org/10.1038/cr.2009.137
https://doi.org/10.1371/journal.pone.0058854
https://doi.org/10.1371/journal.pone.0058854
https://doi.org/10.4049/jimmunol.170.11.5630
https://doi.org/10.1128/jvi.01149-10
https://doi.org/10.1128/jvi.01149-10
https://doi.org/10.4049/jimmunol.1100285
https://doi.org/10.1016/bs.aivir.2018.01.002
https://doi.org/10.1034/j.1600-065x.2000.917309.x
https://doi.org/10.1034/j.1600-065x.2000.917309.x
https://doi.org/10.1016/j.smim.2006.12.002
https://doi.org/10.1016/j.smim.2006.12.002
https://doi.org/10.1016/j.cub.2010.01.044
https://doi.org/10.1371/journal.ppat.1006561
https://doi.org/10.1371/journal.ppat.1006561
https://doi.org/10.1371/journal.ppat.1006598
https://doi.org/10.1371/journal.ppat.1006598
https://doi.org/10.1074/jbc.M313509200
https://doi.org/10.1074/jbc.M504943200
https://doi.org/10.1074/jbc.M504943200
https://doi.org/10.1074/jbc.M401397200
https://doi.org/10.1074/jbc.M101103200
https://doi.org/10.1074/jbc.M101103200
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


fimmu-11-00549 May 11, 2020 Time: 19:25 # 20

Cai et al. HSV-1 UL2 Interacts With p65/p50

91. Sakurai H, Chiba H, Miyoshi H, Sugita T, Toriumi W. IkappaB kinases
phosphorylate NF-kappaB p65 subunit on serine 536 in the transactivation
domain. J Biol Chem. (1999) 274:30353-30356.

92. Hu J, Nakano H, Sakurai H, Colburn NH. Insufficient p65 phosphorylation
at S536 specifically contributes to the lack of NF-kappaB activation and
transformation in resistant JB6 cells. Carcinogenesis. (2004) 25:1991–2003.
doi: 10.1093/carcin/bgh198

93. Zhong H, May MJ, Jimi E, Ghosh S. The phosphorylation status of nuclear
NF-kappa B determines its association with CBP/p300 or HDAC-1. Mol Cell.
(2002) 9:625-636.

94. Vermeulen L, De Wilde G, Notebaert S, Vanden Berghe W, Haegeman G.
Regulation of the transcriptional activity of the nuclear factor-kappaB p65
subunit. Biochem Pharmacol. (2002) 64:963-970.

95. Pollock N, Taylor G, Jobe F, Guzman E. Modulation of the transcription
factor NF-kappaB in antigen-presenting cells by bovine respiratory syncytial
virus small hydrophobic protein. J Gen Virol. (2017) 98:1587-1599. doi: 10.
1099/jgv.0.000855

96. Roberts KL, Baines JD. UL31 of herpes simplex virus 1 is necessary for
optimal NF-kappaB activation and expression of viral gene products. J Virol.
(2011) 85:4947-4953. doi: 10.1128/JVI.00068-11

97. Liu X, Fitzgerald K, Kurt-Jones E, Finberg R, Knipe DM. Herpesvirus
tegument protein activates NF-kappaB signaling through the TRAF6 adaptor
protein. Proc Natl Acad Sci USA. (2008) 105:11335-11339. doi: 10.1073/pnas.
0801617105

98. Leoni V, Gianni T, Salvioli S, Campadelli-Fiume G. Herpes simplex virus
glycoproteins gH/gL and gB bind Toll-like receptor 2, and soluble gH/gL is
sufficient to activate NF-kappaB. J Virol. (2012) 86:6555-6562. doi: 10.1128/
JVI.00295-12

99. Cai MS, Li ML, Zheng CF. Herpesviral infection and Toll-like
receptor 2. Protein Cell. (2012) 3:590–601. doi: 10.1007/s13238-012-
2059-9

100. Medici MA, Sciortino MT, Perri D, Amici C, Avitabile E, Ciotti
M, et al. Protection by herpes simplex virus glycoprotein D
against Fas-mediated apoptosis: role of nuclear factor kappaB.
J Biol Chem. (2003) 278:36059-36067. doi: 10.1074/jbc.M3061
98200

101. Gregory D, Hargett D, Holmes D, Money E, Bachenheimer SL.
Efficient replication by herpes simplex virus type 1 involves
activation of the IkappaB kinase-IkappaB-p65 pathway. J Virol.
(2004) 78:13582-13590. doi: 10.1128/JVI.78.24.13582-13590.
2004

Conflict of Interest: TP was employed by South China Vaccine Corporation
Limited.

The remaining 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.

Copyright © 2020 Cai, Liao, Zou, Xu, Wang, Li, Li, Ou, Deng, Guo, Peng and Li.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Immunology | www.frontiersin.org 20 May 2020 | Volume 11 | Article 549

https://doi.org/10.1093/carcin/bgh198
https://doi.org/10.1099/jgv.0.000855
https://doi.org/10.1099/jgv.0.000855
https://doi.org/10.1128/JVI.00068-11
https://doi.org/10.1073/pnas.0801617105
https://doi.org/10.1073/pnas.0801617105
https://doi.org/10.1128/JVI.00295-12
https://doi.org/10.1128/JVI.00295-12
https://doi.org/10.1007/s13238-012-2059-9
https://doi.org/10.1007/s13238-012-2059-9
https://doi.org/10.1074/jbc.M306198200
https://doi.org/10.1074/jbc.M306198200
https://doi.org/10.1128/JVI.78.24.13582-13590.2004
https://doi.org/10.1128/JVI.78.24.13582-13590.2004
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Herpes Simplex Virus 1 UL2 Inhibits the TNF—Mediated NF-B Activity by Interacting With p65/p50
	Introduction
	Materials and Methods
	Viruses and Cytokine
	Cells
	Antibodies
	Plasmids Construction
	Plasmid Transfection and Dual-Luciferase Reporter Assays
	Confocal Microscopy
	Viral Infection and Flow Cytometry
	RNA Isolation and Real-Time Quantitative PCR
	Co-immunoprecipitation Assays and WB Analysis
	Statistical Analysis

	Results
	Inhibition of TNF—Induced NF-B Activation by HSV-1 UL2
	UL2 Inhibits NF-B–Regulated Cytokine Expression
	UL2 Targets at or Downstream of p65 Level to Inhibit NF-B Pathway
	UL2 Interacts With Endogenous p65 and p50
	The Region of Amino Acids 9 to 17 Is Responsible for UL2 Inhibition Through Interacting With p65 and p50
	IPT Domain of p65 Interacts With UL2
	UL2 Does Not Affect p65/p50 Dimerization
	UL2 Does Not Block TNF—Induced p65 and p50 Nuclear Translocation
	p65 Phosphorylation Is Suppressed by UL2

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


