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Abstract

Interleukin (IL) —22, a member of the IL-10 family, plays a role in antiviral immune responses to a
number of viral infections. However, it is unclear whether IL-22 is involved in the mucosal
immunity against herpes simplex virus 2 (HSV-2) infection in the female reproductive tract (FRT).
In this study, we studied whether IL-22 could inhibit HSV-2 infection of human cervical epithelial
cells (End1/E6E?7 cells). We showed that End1/E6E7 cells express the functional I1L-22 receptor
complex (IL-22R1 and IL-10R2). When treated with 1L-22, End1/E6E7 cells expressed the higher
levels of IFN-stimulated genes (ISGs: ISG15, ISG56, OAS-1, OAS-2, and Mx2) than untreated
cells. In addition, IL-22-treated cells produced higher levels of the tight junction proteins (ZO-1
and Occludin) than untreated cells. Mechanistically, IL-22 could activate the JAK-STAT signaling
pathway by inducing the phosphorylation of STAT1 and STAT3. These observations indicate the
potential of IL-22 as an anti-HSV-2 agent in the FRT mucosal innate immunity against HSV-2
infection.

Keywords

Human cervical epithelial cells; IL-22; IFN-stimulated gene; Signal transducers and activators of
transcription; Tight junction proteins; HSV-2

"Corresponding Author: Wen-Zhe Ho, MD, MPH, Department of Pathology and Laboratory Medicine, Temple University Lewis
Katz School of Medicine, Philadelphia, PA 19140, USA; wenzheho@temple.edu; Tel: +1-215-707-8858.

Authorship

Contributions: X-Q.X. and W-Z.H. conceived and designed the experiments; X-Q.X., D-D.S., L-N.Z. and Y.L. performed the
experiments; X-Q.X. and B.Z. analyzed the data; W-Z.H., J-B.L. and H.L. contributed to reagents, materials and analysis tools; X-
Q.X., W-H.H. and W-Z.H. reviewed and revised the manuscript. All the authors have read, reviewed and edited the manuscript and
agreed for submission to this journal.

Conflict-of-interest disclosure: The authors declare no competing financial interests.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Declaration of interests
B The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 2

Introduction

Genital herpes is one of the most common sexually transmitted diseases [1], in which
ulcerative and vesicular lesions appear on the genitals with lifelong latency [2]. Herpes
simplex virus type 2 (HSV-2) infection, the primary cause of genital herpes [3], significantly
augments the likelihood of developing cervical cancer and human immunodeficiency virus
(HIV) infection [4, 5]. Currently, no vaccine has been developed for preventing genital
HSV-2 infection [6, 7]. Although there are several broad-spectrum antiviral drugs (acyclovir,
valaciclovir and famciclovir) clinically available for treatment of people infected with HSV
[6-8], these medications can only control virus reactivation and do not eliminate latent virus
[9, 10]. In addition, drug resistance [11] and mutation of the virus [12] diminish
effectiveness of the treatment. Thus, developing novel and more effective drugs to control
the spread of HSV-2 becomes urgent.

The mucosal immunity in the female reproductive tract (FRT) functions as a first-line and
primary innate defense mechanism against HSV-2 infection [11]. Physical barriers of the
FRT include the vulva, cervix, epithelial surface of the mucosa, basement membrane of
ovarian follicles, and the zona pellucid of the oocyte [12]. Among these barriers, epithelial
cells regulate the movement of the molecules across the epithelium, thereby blocking the
entry of microbes and playing a vital role in the FRT defense mechanism against pathogens
[13-15]. Studies have shown that immunological activation of human cervical epithelial
cells (HCEs) can induce the expression of specific mucosal proteins, cytokines, antiviral
factors and adhesion molecules to inhibit viral infections [16, 17]. As the outermost layer of
cells in the FRT, HCEs have direct contact with HSV-2 [17]. Thus, the interactions of HSV-2
with HCEs in the FRT are likely to be the first step and crucial part of HSV-2 sexual
transmission.

Interleukin (IL)-22, originally called IL-TIF for IL-10-related T cell-derived inducible factor
[18], is a member of the IL-10 family of cytokines. Many immune cells, including T cells,
monocytes, dendritic cells, natural killer (NK) cells and innate lymphoid cells can produce
IL-22 [19-21]. However, the primary source of IL-22 is activated T cells, particularly Th22,
Thland Th17 T cells [20]. IL-22 mediates its biological functions through a heterodimeric
transmembrane receptor complex including IL-22R1 and IL-10R2 [22]. The R1 chain is an
IL-22 specific subunit, whereas IL-10R2 serves in the signaling of IL-10, IL-26, IL-28a/p
and IL-29 [23-26]. The ubiquitous expression of IL-10R2 explains why it serves as part of
several cytokine receptors [27]. The expression of the IL-22R1 chain determines whether a
cell is a target for IL-22. Studies of different laboratories have shown that several types of
epithelial cells express the IL-22R1 chain and, therefore, are the target cells of IL-22 [28,
29].

The interaction with IL-22 receptor results in signal transduction via JAK (Janus kinases)/
STAT (Signal transducers and activators of transcription) pathway, leading to activation of
Jakl, Tyk2, and STATs [29, 30]. When activated by IL-22, STATs become phosphorylated
on specific tyrosine residues by JAKs and form homodimers or heterodimers with other
STAT proteins and then translocate to the nucleus where they regulate the transcription of
target genes [31]. Studies [29, 30] have shown that the antiviral activities of IL-22 are
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mediated through the activation of STATS, as the activation of JAK/STAT signaling pathway
results in the production of multiple antiviral ISGs. It has been documented that IL-22 could
inhibit several viruses, including HIV [32], hepatitis B virus [33], rotavirus [28], influenza
[34] and HSV-2 [35]. However, it is unclear whether IL-22 has the ability to suppress HSV-2
infection of human cervical epithelial cells (HCESs), an important component of the mucosal
immunity in the FRT. We also studied the cellular and molecular mechanisms underlying
IL-22-mediated HSV-2 inhibition in HCEs.

Materials and methods

2.1. Virus and reagents

HSV-2 G strain was provided by Dr. Qinxue Hu (State Key Laboratory of Virology, Wuhan
Institute of Virology, Chinese Academy of Sciences, China). PE Annexin V Apoptosis
Detection Kit | was purchased from BD (Pharmingen, USA). Recombinant human IL-22
was purchased from Peprotech Inc. (Frankfurt, Germany). Anti-1L-22 receptor antibodies
(anti-1L-22R1 and anti-1L-10R2) were purchased from R&D (Minneapolis, MH, USA).
Rabbit antibodies against ISGs, STATS and tight junction proteins were purchased from Cell
Signaling Technology (Danvers, MA). Antibodies against HSV-1 + HSV-2 gD were
purchased from Abcam (Cambridge, UK). Antibody against GAPDH was purchased from
Proteintech (Chicago USA). All culture plasticwares were obtained from Corning (Corning,
NY). Unless otherwise specified, all other culture reagents were purchased from Invitrogen
(San Diego, CA).

2.2. Cell culture

The HCE cell line (End1/E6E7 cells) is derived from normal human cervical epithelium,
which is immortalized by human papillomavirus type 16 (HPV16) E6/E7 [36]. This cell line
has been extensively used and accepted as an /n vitro HCE model [37-39]. The cells were
cultured in keratinocyte growth medium (Gibco, Grand Island, NY) supplemented with the
provided recombinant epidermal growth factor (0.1 ng/ml) and bovine pituitary extract (50 |
ig/ml). Cells were grown at 37°C in a 5% CO, incubator.

2.3. Cell viability assay

The cytotoxic effect of 1L-22 was evaluated by the MTT assay based on the manufacturer’s
instructions. End1/E6E7 cells seeded in 96-well plate (5x10* cells/well) were treated with
different concentrations of IL-22 for 72 h. Cells were then exposed to 3-(4, 5-
Dimethylthiazol-2-yl) -2, 5-diphenyltetrazolium bromide (MTT) (20 pl/well), and incubated
for 4 h at 37C in darkness. The formation of soluble formazan from MTT was measured by
spectrophotometric determination of absorption at 490 nm using a plate reader (SpectraMax
i3, Molecular Devices, Sunnyvale, CA, USA).

2.4. Flow cytometry analysis of apoptosis

In addition, we also used Annexin V/7-AAD assay to detect IL-22’s cytotoxicity in End1/
EGE7 cells. End1/EBE7 cells seeded in 24-well plate (2x 10° cells/well) were treated with
different concentrations of I1L-22 for 72 h. Wash cells twice with cold phosphate-buffered
saline (PBS) and then resuspend cells in 1 x Binding Buffer at a concentration of 1 x 10°
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cells/ml. Annexin V- PE (2.5 pl) and 7-AAD (5 pl) were added and incubated for 15 min at
RT (25°C) in the dark, and then analyzed by FCM (FACScan, Becton Dickinson, San Jose,
CA).

2.5. RNA extraction and real-time PCR

Total cellular RNA from End1/E6E?7 cells was extracted using TRI-Reagent (Molecular
Research Center, Cincinnati, OH) as described previously [17]. Reverse transcription was
performed using the random primer, dNTPs, M-MLV reverse transcriptase and RNase
inhibitor (Promega Co., Madison, WI) according to the manufacturer’s instructions. Real-
time PCR was performed with 1Q SYBR Green supermix (Bio-Rad Laboratories, Hercules,
CA) as described previously [40]. The level of GAPDH mRNA were used as an endogenous
reference to normalize the quantities of target MRNA. The primers were synthesized by
Invitrogen Inc. The sequences of oligonucleotide primers are shown in Table 1.

2.6. Agarose gel electrophoresis

Total cellular RNA extracted from End1/E6GE7 cells was subjected to the RT-PCR with the
primers specific for IL-22 receptor complex consisting of IL-22R1 and I1L-10R2. Amplified
PCR products were displayed on 2% agarose gel. Human hepatoma- derived hepatic cell
lines HepG2 and L02 cells, in which others previously demonstrated functional 1L-22R1 and
IL-10R2 expression [41], served as positive controls.

2.7. Virus propagation and infection

HSV-2 was propagated and purified from Vero cells by the standard sucrose gradient
procedure and used for infection studies at a multiplicity of infection (MOI) of 0.001. After
the addition of HSV-2, plates were incubated at 37°C for 90 min, and then washed with
DMEM. The cell cultures were then maintained in fresh keratinocyte growth medium for up
to 72 h. Cellular DNA was extracted from HSV-2-infected cells with DNA lysis buffer
containing100 mM KCI, 20 mM Tris, pH 8.4, 500 ug/ml proteinase K (Sigma-Aldrich, St.
Louis, MO, USA), and 0.2% (v/v) NP-40 (BDH, Poole, UK). Lysates were incubated at
60°C for 2 h and then at 100°C for 15 m i n. HSV-2 gD was analyzed by real-time PCR,
using the specific primers (Table 1), and was quantified by using serial dilutions of HSV-2
gD standards with known copy numbers.

2.8. Antiviral assay

End1/E6E7 cells were seeded in a 48-well microtiter plate (10° cells/well) and allowed to
achieve confluence overnight at 37°C. Then End1/E6E7 cells were pretreated with IL-22 for
24 h and infected with HSV-2 (at a low MOI of 0.001) for 2 h. The cells were then washed
to remove unattached viruses and subsequently cultured in the presence of 1L-22. To study
the roles of 1L-22-1L-22R signaling pathway in anti-HSV-2 activity, End1/E6E7 cells were
first incubated with the antibodies to IL-22 receptor. End1/E6GE7 cells were then treated with
IL-22 for 24 h and infected with HSV-2. HSV-2 genome DNA from HSV-2-infected cells or
culture supernatant were extracted with DNA lysis buffer as described above.
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2.9. Plaque forming assay

The production of infectious HSV-2 was measured by a plaque forming assay as previously
described [42]. Briefly, End1/E6E7 cells were seeded in 24-well plates for 24 h prior to
infection at a density of 2 x 10° cells per well in complete medium. Supernatant collected
from the cell cultures was series-diluted and used for titration of infectious virus. Plaque
formation was assessed 48 h after fixation with cold absolute methanol for 30 min followed
by the addition of 1% crystal violet. After rinsing off crystal violet with PBS, the number of
plaques was counted manually. The infection was performed in triplicate samples.

2.10. Western blotting

Total cell lysates were prepared by the cell extraction buffer (Invitrogen, Shanghai, China)
with 1% protease inhibitor cocktail (Sigma, MO) according to the manufacturer’s
instructions. Equal amounts of protein lysates were separated on 4-12% sodium dodecyl
sulfate polyacrylamide gel electrophoresis precast gels an d transferred to an Immunobiolon-
P membrane (Millipore, Germany). Nonspecific sites were blocked with 5% nonfat dried
milk before being incubated with antibody. Blots were developed with SuperSignal West
Pico Chemiluminescent Substrated (Thermo Fisher Scientific, Waltham). Densitometric
analysis was performed by using ImageJ 1.44 software (National Institutes of Health).

2.11. Data analysis

When appropriate, data were obtained from at least three independent experiments and
expressed as mean + SD. For comparison of the mean of two groups, the statistical
significance was measured by Student’s #test. To compare the difference between multiple
groups, statistical significance was analyzed using a one-way analysis of variance
(ANQVA), followed by Newman-Keul’s test. Calculations were performed with GraphPad
Prism Statistical Software (GraphPad Software Inc., San Diego, CA). Statistical significance
was defined as < 0.05 or A< 0.01.

3. Results

3.1. End1l/E6E7 cells express IL-22 receptor complex

We first determined whether human cervical epithelial cells (End1/E6E7 cells) express the
IL-22 receptor complex. As demonstrated in Fig. 1A, similar to the positive control cells
(HepG2 and L02), End1/E6E7cells expressed both IL-22R1 and IL-10R2. We then
examined the effect of IL-22 on the viability of End1/E6E7 cells. As shown in Fig. 1B and
1C, little cytotoxic effect was observed in End1/E6ET7 cells treated with IL-22 at the dose as
high as 1000 ng/ml.

3.2. IL-22 inhibits HSV-2 replication

We next determined whether I1L-22 can suppress HSV-2 replication in End1/E6E7 cells. To
assay the antiviral effect of 1L-22, we measured HSV-2 genes and viral titration. As shown
in Fig. 2A and 2B, IL-22 pretreatment of the cells inhibited intracellular and extracellular
HSV-2 gD gene expression. In addition, IL-22 could inhibit the production of infectious
HSV-2 as demonstrated in the plaque forming assay (Fig. 3). To investigate whether the
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IL-22-1L-22R signaling is responsible for the anti-HSV-2 activity, End1/E6E7 cells were
cultured in the media containing the anti-1L-22 receptor subunit (anti-IL-22R1 and anti-
IL-10R2) antibodies prior to the addition of 1L-22 to the cell cultures. As demonstrated in
Fig. 2C and 2D, the antibodies to 1L-22 receptor complex largely blocked the effect of IL-22
on HSV-2 inhibition in End1/E6E7 cells. To further determine the anti-HSV-2 activity of
IL-22, we examined the effect of 1L-22 on several key HSV-2 genes, including immediate
early genes (ICP0 and ICP27), early genes (DNA polymerase and ICP8), and late genes
(HSV gC, and HSV gD). As shown in Fig. 4, IL-22 suppressed HSV-2 IE (Fig. 4A-B), E
(Fig. 4C-D) and L (Fig. 4E-F) genes expression in HSV-2-infected End1/E6E?7 cells.

IL-22 induces phosphorylation of STAT1 and STAT3

Studies [29, 30] have shown that the biological effects of 1L-22 on viral infections are
primarily mediated by the activation of STAT signaling pathway. To understand the
mechanism(s) of 1L-22-mediated HSV-2 inhibition, we thus investigated the effect of IL-22
on the induction of STAT1 and STAT3 in End1/E6E7 cells. As shown in Fig. 5A and 5B,
although IL-22 treatment had little effect on the expression of both STAT1 and STAT3, it
significantly enhanced the phosphorylation of STAT1 and STAT3.

IL-22 induces ISGs

The action of STATSs on virus-infected cells is to elicit an antiviral state, which is
characterized by the induction of ISGs [43]. To further determine the mechanism(s) by
which IL-22 inhibited HSV-2 infection, we investigated whether IL-22 can induce the
expression of the antiviral ISGs in End1/E6E7 cells. As shown in Fig. 5C and 5D, IL-22
treatment of the cells upregulated the expression of ISG15, 1ISG56, OAS-1, OAS-2, and
Mx2. To determine the role of STAT1/STAT3 in the IL-22 action on 1SGs, we performed the
experiments using the JAK inhibitor (JAK Inh), STAT1 inhibitor (Fludarabine) or STAT3
inhibitor (Stattic). As shown in Fig 6, both JAK/STAT inhibitor and STAT1 inhibitor could
diminish the effect of IL-22 on the 1SGs (Fig. 6A-B). However, the STAT3 inhibitor did not
diminish the 1L-22 effect on the ISGs (Fig. 6C).

IL-22 upregulates tight junction proteins

Tight junction proteins (TJs), including ZO-1 and Occludin, are the key cellular components
for integrity of epithelial cells. We wanted to determine whether IL-22 can impact the
expression of the TJs. When added to End1/E6E7 cell cultures, IL-22 upregulated the
expression of ZO-1 and Occludin (Fig. 5E-F). However, TJs expression was independent of
JAK/STAT pathway (Fig. 6D).

4. Discussion

During HSV-2 sexual transmission, human cervical epithelial cells (HCES) are in direct
contact with the virus in female reproductive tract (FRT). Our early work demonstrated that
HCEs possess functional TLR3/RIG-I signaling pathway, which could be immunologically
activated by Poly I:C to exert the anti-HSV-2 responses [17]. In the present study, we
focused on the effect of IL-22 on HSV-2 replication in HCEs (End1/E6E7 cells). Several
types of epithelial cells, such as intestinal epithelial cells (IECs) [28], have been shown to
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express the IL-22R and are targets for IL-22. The IL-22 treatment of epithelial cells results
in greater antimicrobial defense, protection against damage, and regeneration of respective
tissues [29]. Through binding to the dimeric IL-22R (including IL-22R1 and IL-10R2),
IL-22 could trigger phosphorylation of the kinases Jak1 and Tyk2, resulting in the activation
of the transcription factor STATs [29, 30]. We showed that End1/E6E7 cells express the
functional IL-22-1L-22R signaling system (Fig. 1A), activation of which by IL-22 induced
the production of the antiviral factors.

End1/E6E7 cells are originally derived from the primary human cervical epithelium [39],
and have been extensively used as an excellent /n vitro model of HCEs [37-39]. We
demonstrated that the treatment of End1/E6GE7 cells with IL-22 inhibited HSV-2 infection/
replication (Fig. 2A-B and Fig. 3). This finding supports a recent study [35] showing that
treatment of cultured human vaginal epithelial cells (VK2 cells) with IL-22 resulted in
diminished HSV-2 replication. The inhibitory effect of IL-22 on HSV-2 was specific
receptor-mediated as the antibodies to 1L-22 receptors (IL-22R1 and IL-10R2) could largely
blocked IL-22-mediated HSV-2 inhibition in End1/E6E7 cells (Fig. 2C-D). Our further
experiments showed that IL-22 had the ability to inhibit the expression of all three key
HSV-2 genes (Fig. 4). HSV-2 genes are grouped in three temporal classes: immediate early
(IE), early (E) and late (L) genes. IE genes are transcribed first during HSV-2 replication,
which can activate transcription of the E gene, whose gene products replicate the viral DNA
[44]. Viral DNA replication stimulates the expression of the L genes, encoding the structural
proteins [44]. The ability of IL-22 to inhibit all three key HSV-2 genes is clinically
significant, as it would be extremely difficult for the virus to mutate and become resistant to
IL-22.

To understand the mechanism(s) of IL-22-mediated the HSV-2 inhibition, we investigated
the effect of IL-22 on the induction of STATs and the ISGs. We observed that 1L-22
enhanced the phosphorylation of STAT1/STAT3 and induced the multiple antiviral ISGs
(ISG15, 1ISG56, OAS-1, OAS-2, and Mx2) (Fig. 5). In addition, we examined the impact of
IL-22 on the expression of the tight junction proteins, including ZO-1 and Occludin, the key
proteins for the integrity and permeability of the epithelial barrier. It has been reported [45]
that disruption of epithelial tight junction proteins increases the probability of HSV binding
to nectin-1, a cellular receptor for HSV entry. We observed that I1L-22 treatment could
upregulate the expression of both ZO-1 and Occludin in End1/E6E7 cells (Fig. 5E-F). We
also found that the JAK/STAT pathway plays a role in IL-22-mediated anti-HSV-2 activity,
as the JAK/STAT inhibitor and STAT1 inhibitor could effectively block the induction of
ISGs (Fig. 6A-B), and HSV-2 inhibition by 1L-22 (Fig. 7A-D). However, I1L-22-mediated
HSV-2 control appears to be independent of STATS3, as the STAT3 inhibitor could not block
the IL-22 action on HSV-2 (Fig. 7E-F) and ISGs (Fig. 6C). These observations are clinically
relevant and significant, as they suggest that 1L-22 has potential as a therapeutic agent for
protecting epithelial cells from HSV-2 infection and/or infection-associated damages.

In conclusion, we have experimentally demonstrated that IL-22 treatment of End1/E6E7
cells could induce the intracellular antiviral factors and enhance the expression of the tight
junction proteins (Fig. 8). These findings support the notion that HCEs are involved in the
FRT mucosal innate immune defense against HSV-2 infection [17]. However, further
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investigations with suitable animal models and human specimens are necessary in order to
confirm that IL-22R signaling of HCEs is indeed effective in producing the antiviral factors
and inhibiting HSV-2 infection/replication in FRT. These future studies will be crucial for

the development of IL-22-based intervention strategies to control HSV-2 mucosal

transmission in FRT.
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Highlights
. Human cervical epithelial cells (HCES) express the functional 1L-22 receptor.
. IL-22 inhibits HSV-2 replication in HCEs.
. IL-22 induces the expression of 1SGs and the tight junction proteins in HCEs.
. IL-22 has potential as a therapeutic agent to inhibit HSV-2 infection.
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Fig. 1. End1/E6E?7 cells express IL-22 receptor complex.

(A) Total cellular RNA extracted from HepG2, L02 and End1/E6E7 cells was subjected to
the RT-PCR with the primers specific for IL-22R (IL-22R1 and IL-10R2). Amplified PCR
products were displayed on 2% agarose gel. Negative control: no cellular RNA but water
was used as a template. (B, C) End1/E6E7 cells were treated with IL-22 at the indicated
concentrations. Cells viability was assessed by MTT assay (B) and Annexin V/7-AAD assay

(C) 72 h post IL-22 treatment.
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Fig. 2. IL-22 inhibits HSV-2.
(A, B) End1/E6E?Y cells were treated with or without IL-22 at the indicated concentrations

for 24 h prior to HSV-2 infection. Intracellular and extracellular HSV-2 gD gene expression
was measured at 48 h post HSV-2 infection. (C, D) For IL-22 receptor pretreatment, the anti-
IL-22R1 antibody and anti-IL-10R2 antibody (10 pug/mL) were added to End1/E6E7 cell
cultures for 1 h prior to 1L-22 treatment. Intracellular and extracellular HSV-2 gD gene
expression was measured at 48 h post HSV-2 infection. The results are the mean + SD of
triplicate cultures, representative of three independent experiments (*/~< 0.05, **P< 0.01).
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Fig. 3. IL-22 reduced HSV-2 production in End1/E6E7 cells.
End1/E6E7 cells were treated with or without IL-22 for 24 h and then infected with HSV-2

at an MOI of 0.001 for 48 h. (A, B) Culture supernatant was collected and assayed for
production of infectious virus by plaque forming assay. Plaque forming units (PFU) were
assessed 48 h after fixation with cold methanol for 30 min followed by the addition of
crystal violet. After rinsing off crystal violet with PBS, the plague numbers were counted
under a microscope. (C) This figure was generated based on the data (plaque numbers)
shown in Fig. 3A and 3B.
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Fig. 4. Effects of 1L-22 on the gene expression of HSV-2.
End1/E6E7 cells were pretreated for 24 h with or without I1L-22 and then infected with

HSV-2 (MOI = 0.001). Cellular RNA was subjected to real-time PCR for HSV-2 IE (A, B),
E (C, D) and L (E, F) genes and GAPDH RNA. The results were expressed as HSV-2 genes
levels relative (%) to control (without treatment, which is defined as 100%). Data are shown
as mean + SD for three independent experiments (*~< 0.05, **£< 0.01).
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Fig. 5. Effect of IL-22 activation on STATSs, ISGs and tight junction proteins.
End1/E6E7 cell cultures treated with indicated concentrations of I1L-22 for 12 h . Cellular

proteins were subjected to Western blot assay using antibodies to STATs (A), 1ISGs (C) and
TJs (E). (B, D, F) Densitometry analysis of relative STATSs, ISGs and TJ protein levels
compared with B-actin was performed by ImageJ 1.44 software. Data are shown as mean £
SD for three independent experiments (*~ < 0.05, **P < 0.01).

Cytokine. Author manuscript; available in PMC 2020 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Xu et al. Page 18

A Ma2 (82 kDa) B -
-| Mx2 (82 kDa)
OAS2 (79 kDa)
W W 0As2 (79 KDa)
ISGS6 (56 KDa)
T W s (6 kDa)
OAS] (40, 44 KDa)
i i  — ! OASI (40, 44 kDu)
ISGI5 (15 kDa) -
D S - - -0 550
Ji-actin (43 KDa)
DMSO - + - - i
?:lfg - + - = IL-22 - - = +
7 - - - ¥ * Fludarabine = - + - +
JAK Inh - . + N ¥
C : D
[ - -n‘ 15G56 (36 KDa)
\gi iv- .,g" ' Oceludin (50-90 kDa)
DMSO - + -
DMSO - + . - -
3 i IL-22 - = - + +
IL-22 JAKInh - - e +
Stattic - - + - +

Fig. 6. Effect of STATL1, STAT3 or JAK/STAT inhibitor on the expression of ISGs and tight
junction proteins in End1/E6E7 cells.

End1/E6E7 cells were treated with or without JAK inhibitor (JAK Inh), STAT1 inhibitor
(Fludarabine) or STAT3 inhibitor (Stattic) for 1h and then incubated with 1L-22 for
additional 12 h. Cellular proteins were subjected to Western blot assay using the antibodies
to the 1SGs and the TJs.
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Fig. 7. Effect of STAT1, STAT3 or JAK/STAT inhibitor on the IL-22-mediated HSV-2 inhibition.
End1/E6E7 cells were treated with or without JAK inhibitor (JAK Inh), STAT1 inhibitor

(Fludarabine) or STAT3 inhibitor (Stattic) for 1h and incubated with IL-22 for additional 24
h prior to HSV-2 infection. Intracellular (A, C, E) and extracellular (B, D, F) HSV-2 gD
gene expression was measured at 48 h post HSV-2 infection. Data are shown as mean + SD
for three independent experiments (*~< 0.05, **£< 0.01, N. S, not significant).
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Fig. 8. Schematic diagram of mechanisms for 1L-22-mediated HSV-2 inhibition in human

cervical epithelial cells.

Activated Th cell and NK cell subsets are the primary sources of 1L-22 which can bind to the
dimeric IL-22R complex (both IL- 22R1 and IL-10R2), resulting in the signal transduction
of JAK-STAT pathway in human cervical epithelial cells. Through facilitating the
phosphorylation of STAT1, IL-22 induces IFN-stimulated genes (1SG15, 1SG56, OAS-1,
OAS-2, and Mx2) that have the ability to block HSV-2 DNA transport to cell nuclear and
inhibit viral translation, assembly and release. In addition, through the binding to the
receptors on human cervical epithelial cells, IL-22 induces the expression of the tight
junction proteins (ZO-1 and Occludin), the key cell membrane components for the cell

integrity.
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Table 1.
Primer Sets for Real-time PCR
Primer Accession No.  Orientation Sequences Pr(%c:;;ct

GAPDH NM_002046 Sense 5’-GGTGGTCTCCTCTGACTTCAACA-3’ 127
Antisense 5-GTTGCTGTAGCCAAATTCGTTGT-3’

IL-22R1 NM_021258.3  Sense 5’-TCTGCTCCAGCACGTGAAAT-3’ 124
Antisense 5’-GTCCCTCTCTCCGT ACGTCT-3

IL-10R2 NM_000628.4  Sense 5’-GGCTGAATTTGCAGATGAGCA-3’ 427
Antisense 5’-GAAGACCGAGGCCATGAGG-3’

ICPO D10471.1 Sense 5’-GTGCATGAAGACCTGGATTCC-3’ 82
Antisense 5’-GGTCACGCCCACT ATCAGGTA-3’

ICP27 D10471.1 Sense 5’-TTCTGCGATCCATATCCGAGC-3’ 101
Antisense 5’-AAACGGCATCCCGCCAAA-3’

ICP8 D10658.1 Sense 5’-AGGACATAGAGACCATCGCGTTCA-3’ 99
Antisense 5’-TGGCCAGTTCGCTCACGTTATT-3’

HSV-2gC AJ297389.1 Sense 5’-AAATCCGATGCCGGTTTCCCAA-3’ 120
Antisense 5’-TTACCATCACCTCCTCTAAGCTAGGC-3’

HSV-2 gD K02373.1 Sense 5’-ATCCGAACGCAGCCCCGC-3’ 142
Antisense 5-TCTCCGTCCAGTCGTTTAT-3’

DNA polymerase  M16321.1 Sense 5’-GCTCGAGTGCGAAAAAACGTTC-3’ 215
Antisense 5’-CGGGGCGCTCGGCTAAC-3’
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