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Abstract

Interleukin-22 (IL-22), a member of the IL-10 sufaenily, plays essential roles in
fighting against mucosal microbial infection andimtaining mucosal barrier integrity
within the intestine. However, little knowledge &tsi on the ability of porcine IL-22
(pIL-22) to fight against viral infection in the guin this study, we found that
recombinant mature plL-22 (mplL-22) inhibited th&ection of multiple diarrhea
viruses, including alpha coronavirus, porcine epite diarrhea virus (PEDV),
transmissible gastroenteritis virus (TGEV), and cpwe rotavirus (PoRV), in the
intestinal porcine epithelial cell line J2 (IPECrJX&lls. mpIL-22 up-regulated the
expression of the antimicrobial peptide beta-defe{BD-2), cytokine IL-18 and
IFN-A. Furthermore, we found that mplL-22 induced phasplation of STAT3 on
Ser727 and Tyr705 in IPEC-J2 cells. Inhibition GA$3 phosphorylation by S3I-201
abrogated the antiviral ability of mplL-22 and th#IL-22-induced expression of
BD-2, IL-18, and IFNA. Together, mpIL-22 inhibited the infection of PoRwnd
enteric coronaviruses, and up-regulated the expressf antimicrobial genes in
IPEC-J2, which were mediated by the activationhaf STAT3 signal pathway. The
significant antiviral activity of IL-22 to curtaimultiple enteric diarrhea virusasa
vitro suggests that plL-22 could be a novel therapeagjainst devastating viral

diarrhea in piglets.
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1. Introduction

Interleukin-22 (IL-22), an IL-10 family-related @kine, is primarily secreted by
T helper 17 cells, innate lymphoid cells (ILC), ate natural killer (INK) cells, and
epithelial cells (Dudakov et al., 2015; Sonnenbetrr@l., 2011; Wolk et al., 2004).
Unlike most other IL-10-related cytokines, IL-22marily targets nonhematopoietic
epithelial cells and fibroblasts (Ouyang and Vald2208; Sonnenberg et al., 2011,
Wolk et al., 2004). The IL-22 receptor is composédwo heterodimeric subunits,
IL-22R1 and a common IL-10R2 of the IL-10 familyi€Xet al., 2000). While the
IL-10R2, a shared receptor for IL-10, IL-26, IL-28d IL-29, is expressed in various
tissues, IL-22R1 is primarily expressed in muccsaithelia such as the intestinal
epithelial cells (IEC) (Eidenschenk et al., 2014iy@ng and Valdez, 2008).

The growing evidence demonstrates that IL-22 ierss to host defense against
invading pathogens and inflammatory response, e@dpedn the mucosal tissue
(Ouyang et al.,, 2011; Witte et al., 2010; Wolk et &006). Initially, studies
determined that IL-22 is essential for the hostdatrol the infection of extracellular
bacteria in the lung or gut (Eidenschenk et alL4&20vanov et al., 2013; Zheng et al.,
2008). Recent evidence indicates that IL-22 hasitestantial role in host defense
against mucosal viral infection, including humanmomodeficiency virus (HIV-1),
influenza virus, and rotavirus (Hernandez et &1% Ivanov et al., 2013; Kim et al.,
2012; Kumar et al., 2013). The mechanism of IL-28tgction against infection is
elusive and includes the direct promotion of epigheurvival and regeneration and

the maintenance of the tissue barrier, but IL-2% aihduces epithelial-secreting



antimicrobials such as defensins and antiviral kiyiees such as IL-18 (Hernandez et
al., 2015; Munoz et al.,, 2015; Ouyang and Valde208. Furthermore, IL-22
increases its protective role when combined witHLl8 or IFNA (Hernandez et al.,
2015; Zhang et al., 2014). Given the critical rofelL-22 in epithelial regeneration,
host defense, and pathology, IL-22 is an attradtivget for clinical development in
animals and humans. However, little knowledge existgarding porcine IL-22
(pIL-22).

Porcine diarrhea caused by viruses is one of thermpeoblems affecting suckling
piglets and causes substantial economic loss ipdiie industry. The most common
pathogens of porcine viral diarrhea are porcinedapic diarrhea virus (PEDV),
transmissible gastroenteritis virus (TGEV), andgowe rotavirus (PoRV) (Wang et al.,
2016; Zhang et al., 2013; Zhao et al., 2016). PEBMI TGEV are alpha
coronaviruses (Brian and Baric, 2005), and PoR¥ fisember of the geniotavirus
within the Reoviridae family (Taniguchi and Komoto, 2012). All three dizea
viruses primarily infect villous epithelial cellhiroughout the small intestine and
cause serious injury of IEC, including severe difflatrophic enteritis and superficial
villous enterocyte swelling (Delmas et al., 1998) et al., 2010; Wang et al., 2016).
The manifestations of the infection of the threeuses are indistinguishable and
characterized by vomiting, anorexia, watery diaathgehydration, and weight loss,
with a high morbidity and mortality in suckling pegs (Wang et al., 2016; Zhang et
al., 2013). The co-infection of two or three virssg PEDV, TGEV, and PoRV in the

field is frequent and makes the development ofajheutic and prophylactic strategies



to protect suckling pigs against diarrhea complicest (Zhang et al., 2013; Zhao et al.,
2016).

In this study, we found that the recombinant mafooecine IL-22 (mplL-22)
prepared using a prokaryotic expression systemdbhroahibited the infection of
alpha coronaviruses, PEDV and TGEV, and PoRV iesiirial epithelial cells. The
antiviral activity of mplL-22 was through the acition of STAT3 signaling and the

up-regulated expression of antimicrobials and anaticytokines.

2. Material and Methods
2.1 Célls and viruses. The IPEC-J2 cell line was kindly provided by Dr. tAony
Blikslager (North Carolina State University, RalgidNC). The cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM): nutriemixture F-12 (Ham) (1:1)
with Gluta AMAX_-1 (DMEM=F12) (Gibco), supplementedith 5% fetal bovine
serum (FBS), ;ug/ml insulin-transferring-selenium supplements €LTiechnologies),
5 ng/ml epidermal growth factor (Life Technologieahd 1% penicillin-streptomycin
in a humidified atmosphere of 5% g@t 37°C. Cell culture media were changed
every 2 days, and the cells were passaged evergaysbby trypsinization with 0.25%
trypsin-EDTA. African green monkey kidney cells (9eE6) were grown and
maintained in DMEM supplemented with 10% heat-inated FBS and
penicillin-streptomycin and incubated at 37°C a8 CQ.

The Vero cell-adapted PEDV CV777 strain, kindlyypded by Maurice Pensaert

at Ghent University (Merelbeke, Belgium), was pmggtad as previously described



(Hofmann and Wyler, 1988; Sun et al., 2015). Byie¥ero cells were inoculated with
the virus at a multiplicity of infection (MOI) of &nd cultured in serum-free DMEM
for 72 h at 37°C with 5% C£ The progeny virions were filtered and titratedngs
the TCID;o method. TGEV Hua isolate H87 was derived frominelent strain H16
by serial passage in PK-15 cells in our laboraf@vgng et al., 2010). The PoRV OSU
strain was propagated in MA104 cells, and titersewdetermined by a plaque assay

as previously described (Feng et al., 2009).

2.2 Phylogenetic analysis. An alignment of plL-22 sequence with other mamarali
IL-22 molecules (human, mouse, bovine, sheep, geag carried out using the
Clustal W program. The amino acid (aa) sequenceolmgies among the species
were analyzed using the MegAlign program of DNAgf@aNAstar Inc., Madison,
Wis.). The phylogenetic tree based on the nucled&fjuence of the IL-22 genes was
constructed by the neighbor-joining method, usimgABtar MegAlign Version 8.1.2.
by Clustal W. The sequence data for phylogenetialyars were taken from the
GenBank nucleotide sequence database with thewfoldip accession numbers: pig

IL-22, XM 001926156; human IL-22,NM 020525; mouse IL-22,NM 016971;

bovine 1L-22, EF560596; sheep IL-22HE617662 and goat IL-22HM 542482.

2.3 Clone and prokaryotic expression of plL-22. To clone plL-22, total cellular
MRNA was isolated from IPEC-J2 cells, anqid. total mMRNA was used to prepare
cDNA using a PrimeScript™ Il 1st strand cDNA syrdisekit (Takara, Dalian, China).

Primers used for plL-22 are summarized in Tabldmplification was performed



using PrimeSTAR HS DNA polymerase (Takara, Dali@hina) under the following
conditions: 1 cycle of 94°C for 5 min, 35 cycles9&°C for 10 s, 60°C for 15 s, 72°C
for 1 min and 1 cycle of 72°C for 10 min. The cDNAgment encoding the predicted
mplL-22 was cloned into a pET-30 vector containiag6-histidine tag at the
N-terminus byEcoRI and Sall, resulting in the plasmid pET-30a-IL-22, which sva
transformed into BL21 (DE3). The recombinant mpR.ia®as purified by a Ni-NTA
column according to the manufacturer’s protocol.

2.4 Stimulation of IPEC-J2 by mplL-22 and in vitro virus infection. IPEC-J2 cells
were initially plated into 6-wells for 2 days toogr a confluent monolayer. The cells
were stimulated in the presence of DMEM F12 (astrobn or a range of
concentrations (4, 40 and 400 ng/ml) of mplL-22tgiro for 24 h. For the kinetics
experiment, IPEC-J2 cells were stimulated with ¢0m mplL-22 and then harvested
at the indicated times post treatment. The celleweashed and harvested for total
cellular RNA extraction and quantification.

Following mplL-22 stimulation for 24 h, IPEC-J2 lselvere washed with PBS
twice and inoculated with the Group A PoRV OSU istr&EDV CV777 strain, or
TGEV H87 strain at an MOI of 1. For S31-201 inhibit experiment, IPEC-J2 cells
were stimulated with 40 ng/ml mplL-22 for 24 h,léaed by incubation with 2QM
S31-201 for 24 h before virus inoculation. AftethZncubation, IPEC-J2 cells were
washed and continued to culture with serum-freeianfmt O to 48 h. The cells were
washed and harvested for total RNA extraction amel quantification of viral

genomes.



2.5 Quantification of virus genomes and host cell gene expression. Total RNA was
isolated from cells using an RNeasy mini kit (Qia@zriences, Hilden, Germany) and
reverse transcribed using a PrimeScript™ Il 1sinstrcDNA synthesis kit (Takara,
Dalian, China). Quantitative PCR (Q-PCR) was pented in triplicate using the
Power SYBR Green PCR master mix (Takara, Dalianin&ghto quantify virus
genomes and detect the expression of beta-def¢BBir2), IL-18 and IFNA. The
expression of3-actin was used as control whose expression doeshamge with
treatment, and STAT3 dependent transcript surviwas used as control to
demonstrate the specific effects of both mplL-221 dhe STAT3 inhibitor used
(Naher et al., 2012). The results were normaliretthdse of the control housekeeping
gene GADPH (encoding glyceraldehyde-3-phosphatgdieenase). All data were
acquired with LightCycler 480 real time PCR machirfRoche) and analyzed with
LightCycler 480 software 1.5 based on the cycleghold AACT) method.

For the quantification of PEDV, TGEV, or PoR¥plication, the ORF3 gene of
PEDV, the S gene of TGEV and the VP6 gene of PoRYewsed as standards for
the virus genome. Each pair of primers was syrtldsior quantification of the
PEDV, TGEV, and PoRV genome in Q-PCR. Quantificatimf viral RNA was
calculated based on a standard curve with knownuatsoAll primers are listed in
Table 1.

2.6 Western blotting analysis. The proteins were separated on 10% SDS-PAGE and
transferred to polyvinylidene fluoride (PVDF) memia (Millipore, Bedford, MA).

Antibodies against total STAT3, p-STAT3 (S727), pA93 (Y705) orp-actin were



purchased from Cell Signaling Technology (BeverA, USA). Monoclonal
antibodies against TGEV N (mAb 3D3), PEDV N (mAb3®Gand PoRV VP6 (mAb
1E5) were prepared by our team. After washing thiieges with TBST, the
membrane was incubated with 1:10,000-diluted IRDM@e8onjugated anti-mouse
IgG or Alexa Fluor 680 goat anti-rabbit IgG (Inatren, USA) in blocking buffer for
1 h at room temperature. After washing three tinvél TBST, the membrane was
scanned in an Odyssey infrared imaging system @QRCBiosciences). The
fluorescence intensity of each band was measuréty uUSdyssey 2.1 software
(LI-COR Biosciences).

2.7 ELISA assay for the cytokines. The medium from the cell cultures was collected,
pooled, and stored in aliquots at -70°C until asdaylL-22 in supernatants from
PEDV, TGEV and PoRV-infected IPEC-J2 was measurgidgua porcine IL-22
ELISA kit (Bio Swamp, Shanghai, China) according tbe manufacturer’s
instructions. The range of detection for the ILEAASA is 62.5-1000 pg/ml.

2.8 Cytotoxicity assay. The cytotoxicity of purified mplL-22 or S3I-201 #PEC-J2
cells was measured using a Cell Counting Kit-8 (E&KDojindo, China) according
to the kit instructions. Briefly, IPEC-J2 cells wetrypsinized and resuspended in
fresh media at a concentration of 50,000 cells2®Q pl of cell suspensions was then
pipetted into 96-well microplates. Cells were alémivto grow overnight and were
then treated with various concentrations of pudifieplL-22 or mpIL-22 following 20
MM S3I-201 for another 24 h in the incubator. Tleéscwere quantified using a cell

counting kit, CCK-8. Here, 20 ul of CCK-8 solutiomas added directly to cell



cultures in 96-well plates with 200 pl of media pezll. Cells were incubated in a
humidified environment. After 2 h at 37°C with 5%0¢ the absorbance at 450 nm
was determined using an EIX808 microplate read@Tgk Instruments). The assay
for each concentration of purified mplL-22 or S®I12was repeated in 4 wells.

2.9 Statistical analysis. All results in figures are presented, where appabgrias the
mean * the standard error of the mean (SEM) froraethndependent experiments
and were analyzed in GraphPad Prism with Studé#iést or a 2-way ANOVA test
as indicated (GraphPad Software, Inc.). Differerngere considered significant if the
P value was < 0.09 values are indicated as followd? < 0.05; **P < 0.01; ***P <

0.001.

3. Results
3.1 Clone and expression of plL-22

Growing evidence demonstrates that 1L-22 playscafitroles in the host’s fight
against pathogens and inflammatory reactions inosaidissue. However, there is no
report on plL-22. We first tried to amplify the pR2 gene from IPEC-J2 cells. The
full-length cDNA of plL-22 containing a 570 bp wasuccessfully amplified
specifically from mRNA of IPEC-J2 cells infected BoRV. Analysis of the aa
homologies between species revealed that plL-28dh@5.4-75% aa identity with
other mammalian IL-22 molecules (human, mouse, nvsheep, goat), with the
highest identity seen with human (Fig 1A).

To identify the presence and location of signaltigiepcleavage sites in precursor



plL-22, the aa sequences of precursor plL-22 weyaed using the SignalP4.1
server program (http://www.cbs.dtu.dk/services/8iB). The most likely signal
peptidase cleavage site found by the SignalP4vkeserogram is located between aa
positions 33 and 34, which would yield a maturetgro of 156 aa and a signal
peptide of 33 aa. The mplL-22 containing 471 bp aagplified using precursor IL-22
as a template and cloned into thecoli-expressing vector pET-30a. A fusion protein
of the expected size at approximately 22 kDa wawessed after IPTG 0.5 mM
induction at 37°C for 4 h and was not present elylsate of IPTG-induced bacterial
cells harboring the pET-30a empty vector. The deedt recombinant mplL-22
proteins in inclusion body isolates were refoldgddialysis and purified by Ni-NTA
Affinity Chromatography(Fig 1B). The expression of mplL-22-his was further
confirmed by western blotting with mouse anti-hismaclonal antibodies (Fig 1C).
3.2 Recombinant mplL-22 inhibits PORV infection in small intestinal epithelial
cells

Recently, two studies discovered that IL-22, inladwbration with other mucosal
cytokines, exerts substantial roles in controlliatavirus infectionin vivo in a mouse
model (Hernandez et al., 2015; Zhang et al., 20Id)test whether plIL-22 inhibits
porcine rotavirus in small intestinal epitheliallsewe treated IPEC-J2 cells with 40
ng/ml purified mplL-22 for 24 h before infection dfie PORV OSU strain. The
mplL-22 treatment resulted in more than 90% reducin the viral infection (8.40 *
4.0% for mplL-22) (Fig 2A). The viral RNA quantiition was consistent with the

results of viral protein western blotting that tlhevels of PoRV VP6 protein



expression were decreased about 97.22% in IL-22eecells at 48 hpi compared to
those in the control cells (Fig 2B). The resultsdestrate that mplL-22 also exhibits
significant anti-porcine rotavirus activity in IPER2 cells.
3.3 Recombinant mplL-22 inhibits alpha coronavirus infection in small intestinal
epithelial cells

Alpha coronaviruses PEDV and TGEV are the causaiatbogens of one of the
most economically devastating viral diseases ofmewin the world. Like PoRV,
PEDV and TGEV primarily infect small intestinal #plial cells and cause a similar
injury of the intestines with similar clinical signWe reasoned that mplL-22 is also
capable of curtailing PEDV and TGEYV infection inEl2-J2, as it does in rotavirus
infection. Similar to the rotavirus experiment, w&mulated IPEC-J2 cells with
mplL-22 for 24 h before inoculating with PEDV or ES. As we expected, mplL-22
treatment inhibited PEDV and TGEV infection in asdedependent manner (Fig 3A).
Pretreatment with 400 ng/ml of mpIL-22 resultedairmore than 90% reduction in
infection of PEDV and TGEV, whereas 40 ng/ml mpR.-Raused a 93.82 + 0.34%
and 68.13 £ 7.34% inhibition of PEDV and TGEV infeq, respectively. The
anti-coronavirus activity of mplL-22 was furtherndomed by western blotting the N
protein expression levels and exhibited a doserigr® manner for mplL-22
treatment at 48 hpi compared to those in the cbosits (Fig 3B). PEDV and TGEV
showed a different sensitivity to the antiviraliaity of mplL-22; mplL-22 exhibited
a more efficient inhibition of the PEDV infectiom IPEC-J2 than TGEV (Fig 3).

mplL-22 exhibited a significant suppression of PED¥éction from 1 ng/ml (Fig S2).



These results show that IL-22 is a significant tenantiviral cytokine against
coronavirus infection within the intestine cells.
3.4 Recombinant mplL-22 €elicits an up-regulation of expression of BD-2, IL-18,
and IFN-A in small intestinal epithelial cells

IL-22 has been demonstrated to combat a broad mainigéectious agents in the
gut through the up-regulation of antimicrobial pees or cytokines (Ouyang and
Valdez, 2008; Sonnenberg et al., 2011). Beta-dafeh¢$BD-2), IL-18 and IFNk are
among the antimicrobials and antiviral cytokinessmall intestinal epithelial cells
that are well studied (Chen et al., 2009; Lazeaalet2015; Schroder and Harder,
1999; Zhang et al., 2014). We initially investighterhether mplL-22 induced the
expression of BD-2, IL-18, and IFN4n IPEC-J2. mplL-22 stimulation increased the
transcriptional expression of IL-22-induced genesisin (Naher et al., 2012) instead
of the house-keeping gefeactin, indicating that mpIL-22 is biological aaiand its
activity is specific (Fig 4). mplL-22 pretreatmesptecifically enhanced the expression
of BD-2, IL-18 and IFNA in IPEC-J2 cells and exhibited a dose responsg 4K).
Next, we determined the time kinetics of the updfatjon of BD-2, IL-18 and IFN-
MRNA following 40 ng/ml mplL-22 stimulation. The Mels of mRNA of the
protective genes instead @Factin increased with the time post stimulation and
peaked at 48 h post stimulation, with fold incresas€6.50 + 0.65, 3.48 + 0.83, and
7.37 + 4.84 relative to mock control for BD-2, 118,1and IFNA, respectively (Fig
4B).

To exclude the possibility that the cellular pretdtion and cytotoxicity of



mplL-22 caused the increased expression of BD-2aytakines, we performed the
mplL-22 cytotoxicity assay with a CCK-8 kit, a roné assay of cellular proliferation
and cytotoxicity based on dehydrogenase activitga®n in viable cells. There were
no significant differences in the absorbance amceits following treatment with
purified recombinant mplL-22 ranging from 4 to 48§ml (from 1.25 + 0.04 to 1.32
+ 0.14 for mplL-22 versus 1.36 £ 0.04 for mock)lizating that no proliferation and
cytotoxicity was observed at the concentrationslusehis study (Supplementary Fig
S3).
3.51L-22 inhibitsvirusreplication by activation of STAT3

Most of the biological effects of IL-22 are primlgrmediated by the activation of
STAT3 signaling downstream of the IL-22R in epithklcells. To address the
potential role of STAT3 signaling in the IL-22 arital activity against the infection
of porcine enteric coronavirus and rotavirus in @R, the effects of IL-22 on
STAT3 activation in IPEC-J2 cells were analyzed. Wand that IL-22 induced
phosphorylation of STAT3 on Ser727 and Tyr705 ie@J2 cells (Fig 5A). To
further confirm STAT3 activation specifically inded by mplL-22, S31-201, a
STAT3-specific inhibitor, was used. The treatmehiS8I-201 completely inhibited
STAT3 phosphorylation induced by mplL-22 stimulatio

Next, we investigated whether the production ofivinal genes induced by
mplL-22 was mediated through STAT3 signaling. PED}ction alone elicited the
expression of BD-2 and IFN- instead of IL-18 in IPEC-J2 cells, and the

pre-stimulation of mplL-22 enhanced the expressidrBD-2, IFN-A, and IL-18



following PEDV infection (Fig. 5B). Inhibition of BAT3 phosphorylation by S31-201
almost completely abrogated the up-regulated egme<f BD-2, IL-18, and IFN-
by mpIL-22 and PEDV infection but had no effect [actin expression, indicating
that the expression of these protective genestadidby mplL-22 is through the
STATS3 signaling pathway. In concordance with theesmilts, the presence of S3I-201
completely abolished the antiviral activity of mg22 against PEDV, TGEV and
PoRV (Fig 5C). These effects did not result frore 83I-201 cellular cytotoxicity
since no changes of cellular viability followingeétment with 2QuM S3I1-201 were
observed in comparison with mock control (Fig S4)ese data indicate that mpIL-22
inhibits porcine enteric coronavirus and rotavinfection via STAT3 signaling.
3.6 1L-22 wasinduced in PEDV, TGEV and PoRV-infected | PEC-J2 cells

We next investigated whether PEDV, TGEV, and PoR#édtion elicited the
production of pIL-22 in IPEC-J2 cells. The expressof IL-22 in the supernatants at
different times after virus infection was deterndnby ELISA. The uninfected
IPEC-J2 cellsin vitro constitutively produced low levels of IL-22. Thecreased
IL-22 was detected in the supernatants of the PED&EV, and PoRV-infected
IPEC-J2 cells from 6 to 48 h post infection (Fig Bdllowing infection with PEDV,
TGEV, or PoRV, IPEC-J2 cells secreted markedly é&igimounts of plL-22 than the
uninfected IPEC-J2 cells. However, the kineticsfigoof plL-22 production was
variable following different virus infection. Theq@uction of plL-22 was maintained
at a plateau level during the entire PEDV infectjmeriod while pIL-22 declined

gradually after peaking at 6 hpi for TGEV infectidfor PoORV, pIL-22 was induced



and increased steadily from 6 to 48 hpi. Theseltedemonstrate that the infection of

IPEC-J2 with enteric coronavirus or rotavirus stiatess the production of plL-22.

4. Discussion

IL-22 has recently been found to primarily targeitieelial cells and exerts
critical protective roles against various bactewal viral infections (Ouyang and
Valdez, 2008; Sonnenberg et al., 2011). The diarfesuckling piglets, primarily
caused by PEDV, TGEV, or PoRV, is a major concerrtle pig industry and results
in substantial economic loss (Wang et al., 201&nghet al., 2013). In this study, we
demonstrated that mplL-22 broadly inhibited swinéec coronaviruses (PEDV and
TGEV) and porcine rotavirus. To our knowledge, tisighe first report that shows
that IL-22 inhibits coronavirus infection in epitlae Given that most coronaviruses
infect epithelial cells in the respiratory and/attexic tracts and that coronaviruses
such as SARS-CoV, MERS-CoV, and PEDV are imporfanthuman health and
livestock, it is worthwhile to further develop 1122as a potential therapeutic agent
against the infection of coronaviruses.

The mechanism of the antiviral activity of IL-22wains elusive. IL-22 has been
linked to elicit the expression of antimicrobialfelesins, synergistically cooperate
with another mucosal antiviral cytokine IPN-and promote the tissue barrier in IEC
to curtail mucosal viral infection. We herein foutttht porcine IL-22 induced the
expression of protective genes BD-2, IkKNand IL-18 in IPEC-J2, especially IFN-

which primarily acts on mucosal epithelial celldaxhibits robust antiviral activity



within the mucosal surface. Our previous resultsehdemonstrated that porcine
IFN-A substantially curtailed PEDV infection in IPEC-d8d Vero E6 cellsn vitro

(Li et al., 2016). Previous studies of rotavirusnite have shown that IL-22 enhances
the antiviral activity of IFNA to synergistically amplify the STAT1 signal pathwa
induced by IFNA (Hernandez et al., 2015). Here we reasoned thaRlmay boost
the antiviral activity of IFNA by promoting the production of IFN- IL-18, a
member of the IL-1 family, is induced by TLR5 aetidon in IEC and mutually
enhanced the antiviral activity of IL-22 (Zhangadt, 2014). IL-22 is indispensable
for the induction and maintenance of the expressidi-18 by IEC during infection
with Toxoplasma gondii (Munoz et al., 2015)Our results further reinforce the notion
that the synergetic feedback loop between IL-22 [&NIA or IL-18 acts on IEC for
the protection of the intestine against infectidherefore, the positive feedback loop
among IL-22, IL-18, and IFN- consists of a complex mutual regulating cytokine
network in the gut and provides synergistic innatmunity to combat mucosal virus
infection. Our results and the findings from otgesups indicate that the combination
of IL-22 with IL-18 or IFNA is a potential therapeutic strategy to fight aghut
viral pathogens.

PEDV, TGEV, or PoRV infection enhanced the endogemmroduction of I1L-22
by IPEC-J2 (Fig. 6). This indicates that plL-22 guttally exerts a protective role in
the control of swine enteric coronaviruses (PEDY aGEV) and PoRYV in the host
given the significant viral suppression of mplL42&itro. The previous results of the

rotavirus in vivo mouse model have demonstrated that the IL-22 eawngly



produced by IEC has a critical role in restrictiagteric virus infectionin vivo
(Hernandez et al., 2015; Zhang et al., 2014). Gienfrequent co-infection of the
three porcine diarrhea viruses in the field (Zhatal., 2013; Zhao et al., 2016),
plL-22 could provide a novel approach to contr@ tlevastating diarrhea of suckling
piglets. We are investigating the therapeutic héneff plL-22 alone or combined
with IFN-A against viral enteric infectiom vivo.

In conclusion, we demonstrated that the prokaryatjglL-22 is capable of
inhibiting the infection of the most common thraéfestent porcine diarrhea viruses
(PoRV, PEDV and TGEV)n vitro. The antiviral activity of mpIL-22 is through the
activation of STAT3 signaling, which results in thg-regulated expression of

protective genes.
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Figure Legends

Fig 1. The prokaryotic expression of mplL-22. (A) The amino acid (aa) sequence
homologies and phylogenetic analysis of plL-22 sege with other mammalian
IL-22 molecules (human, mouse, bovine, sheep, gbag amino acid (aa) sequence
homologies among the species were analyzed usiagMégAlign program of
DNAstar (DNAstar Inc., Madison, Wis.). The phylogéc tree based on the
nucleotide sequence of the IL-22 genes was constiuby the neighbor-joining
method, using DNAstar MegAlign Version 8.1.2. byustal W. The sequence data
for phylogenetic analysis were taken from the GenBaucleotide sequence database.
(B) SDS-PAGE analysis of the expression and puation of mplL-22 from the E.
coli BL21(DE3)/pET-30a. 1, affinity-purified mplL22his protein; 2, the total protein
extract of mplL-22-his inclusion body pellet follavg 0.5 mM IPTG induction at
37°C for 4 h; 3, the total protein of empty pET-3@actor; 4, unstained protein

marker. (C) Purified mplL-22-his was western bldtteith mouse anti-His antibody.



1, the purified mplL-22-his; 2, the total proteixtract of pET-30a vector; 3,

prestained protein marker.

Fig 2. mplL-22 inhibited PoRV infection in IPEC-J2 cells. Following mplL-22
stimulation for 24 h, IPEC-J2 cells were washechvABS twice and inoculated with
the PoRV OSU strain at an MOI of 1. After 2-h inatibn, IPEC-J2 cells were
washed and continued to culture with serum-free imméor 48 h. (A) The total
amount of viral RNA was quantified by Q-PCR. Thev#us infection compared to
the mock treatment was calculated. The resultsesgmt the mean £ SEM of three
independent experiments. (B) The PoRV infectionREC-J2 cells at 48 hpi was
determined by PORV VP6 protein western blottinglolwing pretreatment with
mplL22.

Fig 3. mplL-22 inhibited PEDV and TGEYV infection in IPEC-J2 cells. IPEC-J2
cells were washed with PBS twice and inoculateth WEDV CV777 strain or TGEV
H87 strain at an MOI of 1 following mplL-22 stimtilan for 24 h. After 2-h
incubation, IPEC-J2 cells were washed and continiwedulture with serum-free
media for 48 h. (A) The total amount of PEDV andENGviral RNA was quantified
by Q-PCR. The % virus infection compared to the knseatment was calculated.
The results represent the mean + SEM of three gnldgnt experiments. (B) The
infection of PEDV or TGEV in IPEC-J2 cells at 48i hypas determined by western
blotting for the N protein after treatment with rhff22.

Fig 4. The up-regulated expression of BD-2 and cytokines in IPEC-J2 cells

following stimulation with recombinant mplL-22. (A) The transcriptional mMRNA



of BD-2, IL-18 and IFNA by IPEC-J2 cells exhibited a dose response to ragIL
IPEC-J2 cells were stimulated with various conadians of mplL-22. The total
cellular RNA was extracted 24 h post treatment. MRNA of cytokines and BD-2
was quantified by real time Q-PCR as described he Methods section. The
expression of-actin and survivin was used as controls. (B) Kosebf the mRNA of
cytokines and BD-2 in IPEC-J2 cells following mp22- stimulation. The expression
of B-actin and survivin was used as controls. IPEC&lB avere stimulated with 40
ng/ml mplL-22 and harvested at the indicated timiéoWwing treatment. The results
are represented as the mean £ SEM of three indepeegperiments.

Fig 5. mplL-22 activated the STAT3 signaling pathway in IPEC-J2 cdls. (A)
IL-22 induced pY705 and pS727 phosphorylation ofAEY in IPEC-J2 cells.
IPEC-J2 cells were stimulated with mpIL-22 and leated 24 h post treatment, 3
of protein lysates were analyzed for P-STAT3 (Y&DE S727) and total STAT3 by
western blot analysis. (B) Inhibition of STAT3 plpberylation by S3I-201
down-regulated BD-2, IL-18, and IFN-expression. IPEC-J2 cells were stimulated
with 40 ng/ml mplL-22 for 24 h and then treatedha20 uM STAT3 phosphorylation
inhibitor (S31-201) for 24 h; the expression levefsBD-2, IL-18, and IFNx were
guantified by real time Q-PCR as described in thethdds section. The expression of
B-actin and survivin was used as controls. (C) Ittioibb of STAT3 phosphorylation
by S31-201 abolished the anti-PEDV, TGEV, or PoRY\aty of mpIL-22. The PEDV,
TGEV, or PoRYV replication was measured by viral Rébpies.

Fig 6. IL-22 was induced in PEDV, TGEV and PoRV-infected IPEC-J2 célls.



IPEC-J2 cells were infected with PEDV CV777, TGE®H or PORV OSU strain.
After a 2-h infection, the unabsorbed virus was oeed, and fresh medium was
added. The cells were cultured further, and thesgiants were collected at different
times after infection. The expression of plL-22le supernatants was determined by
porcine IL-22 ELISA. The concentration of the supmant-secreted pIL-22 was

calculated based on the standards of the IL-22 Elki&.

Table 1. Real-time Q-PCR primers used for quantification of virus genomes and

host cell gene expression.

Target Sequence

IL-18 Forward: 5'-TCT ACT CTC TCC TGT AAG AAC-3'
Reverse: 5'-CTT ATC ATG TCC AGG AAC-3'
IFN-A Forward: 5'-CCACGTCGAACTTCAGGCTT-3'
Reverse: 5-ATGTGCAAGTCTCCACTGGT-3'
BD-2 Forward: 5'-CCAGAGGTCCGACCACTA-3'
Reverse: 5-GGTCCCTTCAATCCTGTT-3'
GAPDH Forward: 5'-CCTTCCGTGTCCCTACTGCCAAC-3'
Reverse: 5-GACGCCTGCTTCACCACCTTCT-3'
B-actin Forward: 5'-GTGCGGGACATCAAGGAGAAG-3'
Reverse: 5-CGTAGCTCTTCATCCAGGGAG-3'
Survivin Forward: 5'-CCGATTTGGCTCAATGTTTC-3'

Reverse: 5-GACAGAAAGGAAAGCACAACC-3




PEDV-ORF3

TGEV-S

PoRV-VP6

Forward: 5'-GCACTTATTGGCAGGCTTTGT-3'

Reverse: 5-CCATTGAGAAAAGAAAGTGTCGTAG-3'

Forward: 5'-GCTTGATGAATTGAGTGCTGATG-3'

Reverse: 5-CCTAACCTCGGCTTGTCTGG-3'

Forward: 5'-CAACTGCACCACAAACTGAAAGA-3'

Reverse: 5-CTCGGTAATAAAAGGCAGCAGAA-3'
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From " 1L-22 Suppressesthe Infection of Porcine Enteric Coronaviruses and

Rotavirus by Activating STAT 3 Signal Pathway"

Porcine IL-22 inhibits the most common three porcine diarrhea viruses (rotavirus,
PEDV and TGEV) in vitro.

STAT3 signaling by IL-22 accounts for the antivira activity and the enhanced
expression of protective genes of mplL-22.

IL-22 could provide a novel approach to control devastating viral diarrhea in

piglets.



