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Abstract—The oral mucosa is one of the first lines of the innate host defense system against
microbial invasion. Interferon (IFN) lambda-1 (IFN-A1), a type III IFN, exhibits type I
IFN-like antiviral activity. In contrast to ubiquitously expressed type I IFN receptors,
IFN-A receptor 1 (IFN-AR1), which has higher affinity for type III IFNs than low-affinity
interleukin (IL)-10 receptor 2, is mainly expressed on epithelial cells. Although IFN-A1
has been shown to exert antiviral effects in the respiratory tract, gastrointestinal tract,
and skin, the regulation of type III IFN receptor expression and its functions in the oral
mucosa remain unclear. We herein showed the expression of IFN-AR1 in human gingival
keratinocytes. The expression of IL-6, angiotensin-converting enzyme 2 (a critical mol-
ecule for severe acute respiratory syndrome coronavirus 2 infection), and IL-8 in human
primary gingival keratinocytes (HGK) were significantly higher following treatments with
either type I IFN (IFN-) or type II IFN (IFN-y) than with IFN-A1. However, the IFN-A1
treatment strongly induced toll-like receptor (TLR) 3 and retinoic acid-inducible gene I
(RIG-I), which mainly recognize viral nucleic acids, via the STAT1-mediated pathway.
Furthermore, a stimulation with a RIG-I or TLR3 agonist promoted the production of IL-6,
IL-8, and IFN-A in HGK, which was significantly enhanced by a pretreatment with IFN-
Al. These results suggest that IFN-A1 may contribute to the activation of innate immune
responses to oral viral infections by up-regulating the expression of RIG-I and TLR3 and
priming their functions in keratinocytes.
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families, exhibits antiviral activities [1]. In humans, the

reported that IFN-A1 exhibited stronger antiviral activity
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than IFN-A2 and IFN-A3 [2]. The receptors of the type 11
IFN family are composed of two different chains: IFN-A
receptor 1 (IFN-AR1), which has high affinity for its
ligands, and IL-10 receptor 2 (IL-10R2), which has low
affinity [3]. In contrast to ubiquitously expressed type I
IFN (IFN-o/p) receptors, type II (IFN-y) receptors, and
IL-10R2, IFN-ARI is principally expressed on epithelial
cells, such as those in the respiratory tract, gastrointesti-
nal tract, and skin [4]. Although type I/Il IFNs are used as
therapeutics for viral hepatitis (type I) as well as chronic
granulomatous disease and osteopetrosis (type II),
adverse effects have been reported in clinical settings [5,
6]. Type I and IIT IFNs both activate the signal transducer
and activator of transcription 1 (STAT1)-mediated path-
way, resulting in the assembly of IFN-stimulated gene
factor 3, which coordinates the expression of genes con-
taining the IFN-stimulated response element [3]. How-
ever, it currently remains unclear whether the functional
type III IFN receptor is expressed in the oral mucosa or
if its signaling is useful for antiviral functions at the oral
barrier.

The oral mucosa is constantly exposed to various
pathogens and serves as a barrier against invasion by
microorganisms, including fungi, bacteria, and viruses.
Therefore, the mucosal epithelium plays a crucial role
in initiating and enhancing oral defense mechanisms by
releasing various molecules in response to these micro-
organisms [7, 8]. The innate immune system constitutes
the first line of mucosal defense, and the recognition
of microorganisms is performed by pattern recognition
receptors (PRRs), which recognize highly conserved
molecular patterns, namely pathogen-associated molecu-
lar patterns (PAMPs). Viral PAMPs, which are viral DNA
and RNA, are recognized by endosomal and cytoplasmic
PRRs in various cells, including epithelial cells [9]. A
previous study reported that toll-like receptor (TLR) 3
and TLRY, which are PRRs that recognize viral nucleic
acids, were expressed in oral epithelia [10]. Moreover,
retinoic acid-inducible gene I (RIG-I), which is one of
the RIG-I-like receptors of cytosolic RNA sensors, was
shown to detect a wide variety of RNA viruses, such as
influenza A virus (IAV) [11] and measles virus [12],
as well as host-derived RNAs in herpes simplex virus
1 (HSV-1) and IAV-infected cells [13]. A recent study
also reported that RIG-I directly counteracted the access
of RNA-dependent RNA polymerase to the viral RNA
genome, thereby stopping the replication of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) [14].
Although functional RIG-I is expressed in immortalized

oral keratinocyte and fibroblast cell lines [15], the role of
IFN-A1 in RIG-I-mediated antiviral activity in the oral
mucosa remains unknown.

To verify our hypothesis that IFN-A1 exerts priming
effects for antiviral defense of the oral mucosa without the
undesired effects induced by type I and II IFNSs, in the pre-
sent study, we (1) examined type III IFN receptor expres-
sion in human gingival keratinocytes, (2) compared the
effects of IFNs on the expression of nuclear factor (NF)-
kB-related genes, such as IL6 and /LS, and angiotensin-
converting enzyme 2 (ACE2), a SARS-CoV-2-related gene,
(3) investigated the effects of IFN-A1 on the production of
TLRs and RIG-I, and (4) demonstrated the priming effects
of IFN- A 1 on RIG-I or TLR3 agonist-induced IL-6, IL-8,
and type I IFN (IFN-f) production in human primary gin-
gival keratinocytes (HGK).

MATERIALS AND METHODS

Reagents

Reagents were obtained from Sigma-Aldrich (St.
Louis, MO, USA) unless otherwise indicated. 3p-hpRNA
(tlrl-hprna) and Poly(I:C) (tlrl-pic) were purchased from
InvivoGen (San Diego, CA, USA). Recombinant human
IFN-B (8499-1F-010/CF) and IL-29/TFNA1 (1598-IL)
were purchased from R&D Systems (Minneapolis, MN,
USA). Recombinant human IFN-y (570204) and the
potent STAT1 inhibitor, S14-95 (ALX-350-299), were
purchased from BioLegend (San Diego, CA, USA) and
Enzo Life Sciences (Farmingdale, NY, USA), respec-
tively. Lipofectamine RNAiIMAX was purchased from
Invitrogen (Carlsbad, CA, USA).

Cell culture and stimulation

HGK (PCS-200-014) and human primary gin-
gival fibroblasts (CRL-2014) were purchased from
the American Type Culture Collection and cultured in
KGM-Gold™ BulletKit™ (Lonza Japan, Tokyo, Japan)
and KBM Fibro Assist (KOHJIN BIO, Saitama, Japan),
respectively. Human oral keratinocytes (HOK) isolated
from the oral mucosa were purchased from ScienCell
Research Laboratories (San Diego, CA) and cultured
in KGM-Gold™ BulletKit™. A Simian virus-40 anti-
gen immortalized human gingival keratinocyte cell line
(OBA-9), which was generated by Prof. Shinya Murakami
[16], was maintained in Defined Keratinocyte-SFM
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(Gibco, Carlsbad, CA, USA). Normal human lung
fibroblasts were provided by the Japanese Collection of
Research Bioresources Cell Bank. The HaCaT immortal-
ized human skin keratinocyte cell line was obtained from
N. E. Fusenig (German Cancer Research Center, Heidel-
berg, Germany) and cultured in DMEM supplemented
with 10% FBS. Human primary epidermal keratinocytes
(HEK) were purchased from Lifeline Cell Technology
(Frederick, MD, USA) and maintained in HuMedia-KG2
(Kurabo Industries, Osaka, Japan). In some experiments,
HGK were stimulated with various concentrations of
3p-hpRNA using Lipofectamine RNAIMAX transfec-
tion reagent, according to the manufacturer’s instructions.

Sample preparation for immunohistochemical
(IHC) staining

Gingival tissues were obtained from patients under-
going routine biopsy at the Division of Oral Surgery
(Tokushima University Hospital), after approval by the
Ethical Committee of Tokushima University Hospital
(No. 3822). Informed consent was obtained from patients.
Archived paraffin-embedded tissue specimens were used.
Regarding [HC staining, tissue sections were deparaffi-
nized in xylene and rehydrated in descending grades of
ethanol. Antigen retrieval was performed using a pressure
cooker and citrate phosphate buffer (pH 6.0). Endogenous
peroxidase activity was blocked with 3% H,0, for 10 min.
Sections were then blocked with 5% normal goat serum
and treated with normal rabbit IgG (148-09551; Wako,
Osaka, Japan) or a polyclonal anti-IL28RA (IFN-AR1)
antibody (ab224395; Abcam, Cambridge, MA, USA)
at 4 °C overnight (final concentration, 1.5 pug/ml). After
the incubation with the secondary antibody, the reaction
was detected by diaminobenzidine (Dako, Tokyo, Japan)
staining. Sections were then counterstained with hema-
toxylin, dehydrated in ascending grades of ethanol, and
mounted on slides. Images were acquired using a KEY-
ENCE BZ-X800 microscope (Osaka, Japan).

Measurement of IL-6, IL-8, and IFN-f
production by ELISA

HGK were seeded on 12-well plates (5x 10° cells/
well) and incubated overnight. Treatments are described
in the figure legends. The amounts of IL-6, IL-8, and
IFN-p in media were assessed using the OptEIA Human
IL-6 ELISA set (555220; BD Biosciences, San Diego,

CA, USA), OptEIA Human IL-8 ELISA set (555244; BD
Biosciences), and Human IFN-beta Quantikine ELISA
(DIFNBO; R&D Systems), respectively.

Western blot analysis

After the treatment, cells were washed twice with
ice-cold PBS and lysed with RIPA buffer supplemented
with protease and phosphatase inhibitor cocktail (Thermo
Fisher Scientific). Lysates were centrifuged at 12,000 X g
at 4 °C for 10 min, and supernatants were collected. Pro-
tein concentrations were measured using the BCA protein
assay kit (Thermo Fisher Scientific), and then adjusted
and diluted with Laemmli Sample Buffer. After boiling at
95 °C for 5 min, proteins were separated by sodium dode-
cyl sulfate—polyacrylamide gel electrophoresis and trans-
ferred to polyvinylidene difluoride membranes (Bio-Rad,
Hercules, CA, USA). Membranes were incubated with
antibodies against GAPDH (5174), IFN regulatory fac-
tor 3 (IRF-3, 4302), NF-xB p65 (8242), phospho-IRF-3
(37829), phospho-NF-kB p65 (3033), phospho-STAT1
(7649), RIG-I (3743), STATI1 (9172), TLR3 (6961),
and TLRY (13674), which were purchased from Cell
Signaling Technology (Danvers, MA, USA). An ACE2
(AF933) antibody was purchased from R&D Systems. In
some experiments, antibodies were diluted in Can Get
Signal (Toyobo, Osaka, Japan). Blots were visualized
using Amersham Imager 680 and a densitometric analy-
sis using Amersham Imager 680 Analysis Software (GE
Healthcare, Piscataway, NJ, USA) with the chemilumi-
nescence reagent Immunostar (Wako).

Flow cytometric analysis

Cells were detached with TrypLE Express (Thermo
Fisher Scientific), incubated for 10 min with Human
TruStain FcX (BioLegend), and then stained with PE
mouse IgG2a (400,213; BioLegend) or a PE antihuman
IL-28RA (IFN-ARI) antibody (337,803; BioLegend).
Expression was detected using a Canto II flow cytometer
and analyzed with FlowJo software (BD Biosciences).

Polymerase chain reaction (PCR) analysis

Total RNA was extracted using a RNeasy Mini Kit
(Qiagen, Valencia, CA, USA) according to the manufacturer’s
instructions. Total RNA concentrations were measured using
a NanoDrop spectrophotometer (Thermo Fisher Scientific),
and cDNA was synthesized with PrimeScript RT Master Mix
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(Takara Bio Inc., Shiga, Japan). Regarding reverse transcrip-
tion (RT)-PCR, cDNA was synthesized from 1 ug of total
RNA and reacted with the following primers: (IFNLRI) for-
ward, 5’-CGCCTTGGAAGAGTCACTCA-3’, and reverse,
5’-GAAGCCTCAGGTCCCAATTC-3’; (ILI0R2) forward,
5’-GGCTGAATTTGCAGATGAGCA-3’, and reverse,
5’-GAAGACCGAGGCCATGAGG-3’; (GAPDH) forward,
5’-GCCACATCGCTCAGACAC and reverse, 5’-CTCGCT
CCTGGAAGATGG-3’. PCR products were analyzed by
agarose gel electrophoresis, and bands were visualized using
a Gel Documentation System (AE-6931FXCF; ATTO,
Tokyo, Japan). Quantitative real-time PCR was performed
on a LightCycler 96 system using FastStart Essential DNA
Green Master (Roche Diagnostics GmBH, Germany). The
following primers were used for the amplification of spe-
cific genes: (ACE?2) forward, 5’-CGAAGCCGAAGACCT
GTTCTA-3’, and reverse, 5’-GGGCAAGTGTGGACTGTT
CC-3’; (DDX58) forward, 5’-GATGCCCTAGACCATGCA
GG-3’, and reverse, 5’-GCCATCATCCCCTTAGTAGAGC;
(IFNBI) forward, 5’~-ATGACCAACAAGTGTCTCCTCC-
3’, and reverse, 5’-GCTCATGGAAAGAGCTGTAGTG-3’;
(IFNL2 and IFNL3) forward, 5’-AGTTCCGGGCCTGTA
TCCAG-3’, and reverse, 5’-GAGCCGGTACAGCCAATG
GT-3’; (IL6) forward, 5’-AAGCCAGAGCTGTGCAGATGA
GTA-3’, and reverse, 5’-TGTCCTGCAGCCACTGGTTC-3’;
(IL8) forward, 5’-ATGACTTCCAAGCTGGCCGTGGC-3’,
and reverse, 5’-TCTCAGCCCTCTTCAAAAACTTCTC;
(TLR3) forward, 5’-GCATTTGTTTTCTCACTCTTT-3, and
reverse, 5’-TTAGCCACTGAAAAGAAAAAT. The primers
for IFNARI and GAPDH were described above. The relative
quantification of gene expression was performed according
to the 2 (-AACT) method and normalized against GAPDH
mRNA.

Statistical analysis

The significance of differences was evaluated using
the Student’s unpaired #-test or Dunnett’s multiple com-
parison test after an analysis of variance using GraphPad
InStat (version 3.10, GraphPad InStat Software Inc.). Val-
ues of p <0.05 were considered to be significant.

RESULTS
IFN-AR1 expression in human gingival
keratinocytes

We investigated whether human gingival epithelial
cells and fibroblasts in culture expressed the receptors for

type IIT IFN and cell surface IFN-AR1 using PCR and flow
cytometry, respectively. Although we confirmed ILI0R2 (a
low-affinity receptor for type III IFNs) mRNA expression in
all cells tested, IFNLRI (a high-affinity receptor for type III
IFNs) mRNA was only expressed in keratinocytes derived
from skin or gingiva (Fig. 1 A). The results of the quantitative
real-time PCR analysis showed that JFNLRI mRNA expres-
sion levels were higher in gingival keratinocytes than in skin
keratinocytes (Fig. 1B). Moreover, the cell surface expression
levels of IFN-AR1 were higher in OBA-9 and HGK than in
HEK (Fig. 1C). We then examined the effects of a treatment
with IFN-A1 on STAT]1 activation. The treatment with IFN-
A1 dose-dependently induced the phosphorylation of STAT1
in HGK (Fig. 1D) and HOK (Supplementary Fig. 1). We also
confirmed IFN-AR1 expression in the surface human gingi-
val mucosa by the IHC staining of human gingival tissues
(Fig. 1E). These results suggest that IFN-A1 signaling may
have a functional role in the human oral mucosa.

Comparison of effects of IFNs on IL-6, IL-8,
and ACE2 expression in HGK

In the oral mucosa, epithelial cells play an active
role in host defenses against bacteria and viruses by releas-
ing proinflammatory cytokines, such as IL-6 and IL-8
[10]. Therefore, we investigated whether IFNs themselves
induce the mRNA expression and production of these
proteins using real-time PCR and ELISA, respectively.
Although all IFNs tested increased /L6 mRNA expres-
sion levels over those in untreated cells, IFN-f increased
mRNA expression levels significantly more than the two
IFNs after a 24-h incubation (Fig. 2A). In the case of /LS,
IFN-y significantly increased its mRNA expression levels,
and this effect persisted for 48 h (Fig. 2B). No significant
differences were observed in /FNL2 or IFNL3 mRNA
levels between the cells examined (data not shown). The
corresponding production of the IL-6 (Fig. 2C) and IL-8
(Fig. 2D) proteins was confirmed by ELISA. Recent stud-
ies reported that the epithelial cells of skin [17] and the
oral mucosa [18, 19] expressed ACE2, which is a criti-
cal receptor for SARS-CoV-2, and also that type I IFN
enhanced the expression of ACE2 in primary human air-
way epithelial cells [20]. In HGK, we confirmed that IFN-
B, but not IFN-y or IFN-A1, significantly increased ACE2
mRNA expression levels (Fig. 2E). The expression of the
ACE2 protein was significantly higher in IFN-p-treated
cells than in IFN-A1-treated cells (Fig. 2F). The truncated
form (approximately 75 kDa) of the ACE2 protein has also
been detected in human plasma [21] and COS7 cells [22].
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Fig.1 Type III IFN receptor expression in human gingival keratinocytes. A: Detection of ILIOR2, IFNLRI, and GAPDH mRNA in various
keratinocytes and fibroblasts with (+) or without (-) cDNA by RT-PCR. M, marker. B: Quantitative analysis of /FNLRI mRNA expression by
real-time PCR in various keratinocytes and fibroblasts. Data represent the mean + standard deviation (SD) of triplicate assays. C: Detection of cell
surface IFN-AR1 by flow cytometry. The black line represents IFN-AR1, and the gray area shows the isotype control. A representative histogram
from three independent experiments is shown. Values are the mean fluorescence intensity of IFN-AR1 expression and shown as a fold increase in
IFN-AR1 expression from that with the control. D: HGK were treated with the indicated concentrations of IFN-A1 for 30 min. Whole-cell lysates
prepared from these cells were immunoblotted with anti-phospho-STAT1 (pSTAT1), anti-STAT1, or anti-GAPDH antibodies. A representative blot
is shown. The bar graph shows the integrated signal intensities of the pSTAT1/STAT]I ratio. Data represent the mean+SD of triplicate assays.
*P<0.05 and **P <0.01 versus untreated cells (0) (Dunnett’s multiple comparison test). E: Human gingival sections were stained with an isotype
and anti-IFN-AR1 antibody. Sections were counterstained with hematoxylin. Representative images of 3 samples each are shown. The right image is
a high-magnification image of the square area. A-D: Data show a representative of at least three independent experiments. OBA-9; an immortalized
human gingival keratinocyte cell line. HGK; human primary gingival keratinocytes. HaCaT; an immortalized human skin keratinocyte cell line.
HEK; human primary epidermal keratinocytes. HGF; human primary gingival fibroblasts. HFL-III; normal human lung fibroblasts.

These results suggest that IFN-A1 exerted weaker effects in melanoma cells [23]. Therefore, we next investigated
on the induction of proinflammatory cytokines and ACE2 whether a treatment with IFN-A1 induced the expression
than other IFNs. of TLR3, TLRY, and RIG-I in HGK. Although the treat-

ment with IFN-A1 did not affect TLRY protein expression
The IFN-A1 treatment induces the expression levels (Supplementary Fig. 2), dose-dependent eleva-
of RIG-I and TLR3 via the STAT1-mediated tions were noted in TLR3 and RIG-I expression levels,
pathway in HGK with significant increases being observed with 1 ng/ml of

IFN-A1 (Fig. 3A). Moreover, IFN- Al-induced RIG-I and
A previous study reported that gingival epithelial TLR3 expression levels were dose-dependently decreased

cells expressed TLR3 (a receptor for viral double-stranded by a co-incubation with S14-95, a potent STAT! inhibi-

RNA) and TLRY (a receptor for the unmethylated CpG tor (Fig. 33). In comparisons of th.e effects of IFNs on
DNA of bacterial and viral origins) [10]. Immortalized the expression levels of these proteins, DDX58 (RIG-I)

oral keratinocytes have also been shown to express func- '(Fig. 3C) and TLR3 (Fig. 3D) mRNA expression levels
tional RIG-I [15], which was induced by IFN-A1 signaling induced by IFN-A1 peaked after 24 h, and the strongest
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Fig. 2 Effects of IFNs on IL-6, IL-8, and ACE2 expression in HGK. A, B: Cells were treated with IFN-§ (e), IFN-y (A), or IFN-A1 () at 10 ng/
ml each for the indicated times. A: /L6 and B: IL8 mRNA expression levels were quantified using real-time PCR. **P <0.01 versus IFN-A1-treated
cells at the same time point (the Student’s unpaired #-test). C, D: Cells were treated with IFN-B, IFN-y, or IFN-A1 at 10 ng/ml each for 24 h. The
concentrations of C: IL-6 and D: IL-8 in the medium were assessed by ELISA. *P <0.05 and **P<0.01 versus untreated cells (un) (Dunnett’s
multiple comparison test). #P <0.01 versus IFN-Al-treated cells (the Student’s unpaired #-test). E: Cells were treated with either IFN-p (o), IFN-y
(A), or IFN-A1 (H) at 10 ng/ml each for the indicated times. ACE2 mRNA expression levels were quantified using real-time PCR. **P <0.01 ver-
sus IFN-Al-treated cells at the same time point (the Student’s unpaired z-test). F: Whole-cell lysates were prepared from cells treated with IFN-f,
IFN-y, or IFN-A1 at 10 ng/ml each for 48 h. Cell lysates were immunoblotted with anti-ACE2 and anti-GAPDH antibodies. A representative blot is
shown. The bar graph shows the integrated signal intensities of the ACE2/GAPDH ratio. **P <0.01 (the Student’s unpaired r-test). A-F: Data repre-
sent the mean + SD of triplicate assays and show a representative of at least three independent experiments.

inducer of these genes was IFN-f. We also confirmed that
the order of potential to induce these molecules at the pro-
tein level was IFN-f > IFN-A1 > IFN-y by Western blot-
ting (Fig. 3E). These results suggest that IFN-A1 exerted
priming effects on RIG-I and TLR3 agonist-induced
responses by up-regulating the expression of these recep-
tors via the STAT1-mediated pathway.

Priming effects of IFN-A1
on 3p-hpRNA-induced IFN-f production
in HGK

RIG-I signaling bifurcates into two molecular cas-
cades: one involves TANK-binding kinase-1 and IxB
kinase epsilon (IKKe), which directly phosphorylate IRF
3 and 7, to up-regulate the expression of type I IFNs, while
the other engages the IKKa/f/y complex and induces the
NF-xB-dependent up-regulation of proinflammatory gene

expression [24]. Using 3p-hpRNA, a 5’ triphosphate hairpin
RNA and specific agonist of RIG-I, we investigated whether
the increase induced in RIG-I expression levels by IFN-A1
enhanced 3p-hpRNA-induced IFN-f production in HGK.
A stimulation with 3p-hpRNA dose-dependently induced
IRF3 phosphorylation (Fig. 4A), and dose- and time-
dependently induced /FNBI mRNA expression (Fig. 4B) in
HGK. Moreover, the level of IRF3 phosphorylation induced
by the 3p-hpRNA stimulation pretreated with IFN-A1 was
fourfold greater than that by the 3p-hpRNA stimulation
alone (Fig. 4C). The priming effects of IFN-A1 were also
confirmed by 3p-hpRNA-induced /FNBI mRNA expres-
sion (Fig. 4D), and the secretion level of IFN-f induced by
the 3p-hpRNA stimulation following a pretreatment with
IFN-A1 was eightfold greater than that by the 3p-hpRNA
stimulation alone (Fig. 4E). These results suggest that
IFN-A1 increased 3p-hpRNA-induced IFN-f production
by enhancing the phosphorylation of IRF3.



1354 Shikama, Kurosawa, Furukawa, Kudo, Ishimaru and Matsushita

IFN-A1 (ng/ml)
A urtegmd o 12 o
0 1 2510
T 0.8 z
RIGH d S ok T 0.8
< 0.6 < *%
4 *x g *%
TLR3 o| 04 S 04
o 02 oo E é& er\ o
GAPDH| s “ . F e
0 0
0 1 25 10 0 1 25 10 RIG-I —_—
B IFNM — + + + +  + C
S1495 — — Me 40 20 10 2 " TLR3 -t
= *%
- —— 5
RIGA $Xx15 GAPDH | e s
221
TLR3 - - . §a 14 ok
Qo
50 17 * T08 - ke
GAPDH | s s -— — - © O (=)
Re % 0.6 -
Q.20.5 - ]
L Q% =04 - g
[
I0.8 = *k ()
a *k 0 02 1
<06 1 ok 0 24 48 0.
o4 D 1
T 1 B *%k
o *% - 44 *k
2 0.2 1 & *% I 0.8
e [=)
0 5 X33 %06 -
12 1 2 ;‘5_ %0.4 . *k
T s 22 4 *
X0 0.2
go.s 1 o F ,
o o S214 1
204 kS
A e
= 0 *
*%
0- 0 24 48

Fig. 3 IFN-A1 induces RIG-I and TLR3 expression via the STAT1-mediated pathway in HGK. A: Whole-cell lysates were prepared from cells
treated with the indicated concentrations of IFN-A1 (ng/ml) for 24 h. Cell lysates were immunoblotted with anti-RIG-I, anti-TLR3, and anti-GAPDH
antibodies. A representative blot is shown. The bar graph shows the integrated signal intensities of the RIG-I/GAPDH or TLR3/GAPDH ratio.
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lysates were immunoblotted with anti-RIG-I, anti-TLR3, and anti-GAPDH antibodies. A representative blot is shown. The bar graph shows the
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test). C, D: Cells were treated with IFN-3 (@), IFN-y (A), or IFN-A1 () at 10 ng/ml each for the indicated times. C: DDX58 (RIG-I) and D: TLR3
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dent’s unpaired #-test). E: Whole-cell lysates were prepared from cells treated with IFN-f, IFN-y, or IFN-A1 at 10 ng/ml each for 24 h. Cell lysates
were immunoblotted with anti-RIG-I, anti-TLR3, and anti-GAPDH antibodies. A representative blot is shown. The bar graph shows the integrated
signal intensities of the RIG-I/GAPDH or TLR3/GAPDH ratio. *P <0.05 and **P <0.01 versus untreated cells (un) (Dunnett’s multiple comparison
test). A-E: Data represent the mean + SD of triplicate assays and show a representative of at least three independent experiments.

Priming effects of IFN-A1
on 3p-hpRNA-induced IL-6 and IL-8
production in HGK

Previous studies suggested a role for RIG-I in viral
defenses because of its recognition of virus-derived RNA,
particularly in non-immune cells [25]. In the oral mucosa
and periodontal lesions, fibroblasts and epithelial cells
play an active role in host defenses, releasing a number of

proinflammatory mediators, such as IL-6 and IL-8, induced
by the activation of NF-kB [26, 27]. Therefore, we examined
the priming effects of IFN-A1 on 3p-RNA-induced IL-6 and
IL-8 production in HGK. The 3p-hpRNA stimulation dose-
dependently increased NF-kB phosphorylation (Fig. 5A)
as well as IL6 and IL8 mRNA expression levels (Fig. 5B).
Moreover, the IFN-A1 pretreatment significantly increased
3p-hpRNA-induced NF-xB phosphorylation (Fig. 5C), IL6
and /L8 mRNA expression (Fig. 5D), and the production of
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these cytokines (Fig. SE). These results suggest that [FN-A1
increased 3p-hpRNA-induced IL-6 and IL-8 production by
enhancing NF-kB phosphorylation.

facilitate the release of proteins regulated by these molecules
for defense against viruses [29]. Previous studies reported
that a stimulation with the TLR3 ligand, Poly(I:C) induced
the expression of NF-kB [30] and IRF3 [31] target genes in
gingival keratinocytes; therefore, we examined the effects
of the IFN-A1 treatment on the Poly(I:C)-induced activation
of NF-«xB and IRF3 signaling. IRF3 (Fig. 6A) and NF-kB
(Fig. 6B) phosphorylation levels induced by the Poly(I:C)
stimulation after the pretreatment with IFN-A1 were 13- and
2.5-fold greater, respectively, than those by the Poly(I:C)

The IFN-A1 pretreatment increases TLR3
agonist-induced IFN-f, IL-6, and IL-8
production in HGK

TLR3 is one of the important PRRs against viral infec-
tions in the oral cavity because HSV-1, which causes oral

herpes, produces dsRNA, a ligand of TLR3 [28]. Its sign-
aling activates the NF-xB and IRF3 signaling pathways to

stimulation alone. We also confirmed that the IFN-A1
pretreatment significantly increased Poly(I:C)-induced
IFNBI, IL6, and IL8 mRNA expression levels (Fig. 6C) and
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promoted the production of these proteins (Fig. 6D) using caused by SARS-CoV-2, and also that the oral cavity is
real-time PCR and ELISA, respectively. Based on the results an important site for SARS-CoV-2 infection because the
shown in Figs. 4 and 5, IFN-A1 has the potential to enhance oral epithelium expresses ACE2 [18, 19]. The present
antiviral activity against viruses, which have a ligand for results demonstrated that IFN-AR1 was expressed in
either RIG-I or TLR3, in the oral mucosa. HGK and the human gingival epithelium (Fig. 1). We
also showed that the majority of HGK were positive for
IFN-AR1, whereas HEK consisted of two populations
for the expression of IFN-AR1 (Fig. 1C). This may be
attributed to the oral epithelium being more proliferative
Accumulating evidence has revealed that IFN-A1 and th.i cker tha.n th? skin °P ith§lium iI.l additi.on'to differ-

[32] and RIG-T [14] are beneficial for the prevention ences in the eplthe.hal locglllgatlon of.dlfferent'latlon mark-
ers, such as keratins, loricrin, and involucrin [33]. The

expression of [IFN-AR1 has also been reported in a human

DISCUSSION

and treatment of coronavirus disease 2019 (COVID-19)
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pendent experiments.

oral epithelial cell line, and IFN-A1 enhanced the pro-
duction of tumor necrosis factor-a-induced CXCL10 (a
chemokine that plays a crucial role in Th1 cell accumula-
tion) [34]. Furthermore, IFN-A1 was shown to protect epi-
thelial barrier integrity during bacterial infections [35].
Although we demonstrated that IFN-A1 slightly induced
the expression of truncated ACE2 in HGK (Fig. 2F), a
recent study reported that the truncated form did not bind
to the SARS-CoV-2 spike protein and, thus, was unlikely
to increase the cellular entry of SARS-CoV-2 or promote
infection [36]. Based on the present results, IFN-A1 may
be involved in antiviral immunity and also exhibits activ-
ity that is beneficial to the host during infectious encoun-
ters at the oral mucosa.

TLR3 is a sensor for viral double-stranded RNA and
triggers antiviral immune responses during viral infec-
tions [37, 38]. The activation of TLR3 is required for

inflammation after injury, and keratinocytes need TLR3
to respond to RNA from damaged cells with the release of
inflammatory cytokines [39]. Responses to UV radiation-
damaged self-RNAs and UV radiation-damaged keratino-
cytes [40] as well as self-RNAs, including the necrotic
cell supernatant of gingival cells [30], were previously
shown to be dependent on TLR3. Therefore, TLR3 may
recognize not only viral RNA, but also self-RNAs released
from damaged keratinocytes at the oral mucosa. We dem-
onstrated that IFN-A1 induced the expression of TLR3
via the STAT1-mediated pathway (Fig. 3), and enhanced
TLR3-mediated IFN-f, IL-6, and IL-8 production in
HGK using Poly(I:C) (Fig. 6). However, the recognition
of Poly(I:C) by melanoma differentiation-associated gene
5 and RIG-I has been reported [41]. Based on recent find-
ings showing that TLR3 is also involved in the recogni-
tion of SARS-CoV-2 [42], the up-regulated expression of



1358 Shikama, Kurosawa, Furukawa, Kudo, Ishimaru and Matsushita

RIG-I and TLR3 by IFN-A1 may exert synergistic effects
that protect against SARS-CoV-2 infection at the oral
mucosa.

PRRs discriminate between ‘self’ and ‘non-self’,
with non-self-molecules that are potentially harmful
being recognized and triggering host defenses, while
self-molecules induce self-tolerance. RIG-I detects
viral RNA derived from IAV [11], measles virus [12],
and host-derived RNAs derived from HSV-1- and IAV-
infected cells [13]. Infections by these viruses have been
implicated in the onset of disease in the oral mucosa,
perioral region, and upper respiratory tract. Moreover,
preclinical studies reported that a RIG-I agonist inhibited
tumor growth through similar mechanisms to those trig-
gered for the elimination of virally infected cells [43].
These findings indicate that RIG-I is a promising target
not only for antiviral activity, but also cancer immuno-
therapy in the oral mucosa.

The priming effects of IFN-A1 on 3p-hpRNA- and
Poly(I:C)-induced IL-6, IL-8, and IFN-f production
were confirmed at a dose of 10 ng/ml (Fig. 4-6), and
the concentration of the IFN-A1 treatment did not induce
the production of IL-6 (compared with IFN-p) or IL-8
(compared with IFN-y) (Fig. 2). A high dose of IFN-A1
of more than 10 ng/ml was previously shown to induce
the production of chemokines, such as CXCL10, in an
oral epithelial cell line [34] and HEK [44] as well as IL-6
and IL-8 production in human peripheral blood mononu-
clear cells [45]. Based on differences in the expression
patterns of IFN-AR1 and type I/II IFN receptors, IFN-A1,
when administered at an appropriate concentration, may
be more beneficial than other IFNs for activating barrier
functions within the oral mucosa.

One limitation of the present study is that we did
not provide evidence for the priming effects of IFN-A1
against antiviral activity using live viruses, such as HSV-
1, TAV, and SARS-CoV-2. However, previous studies
reported that IFN-y [46] and IFN-A1 [47] up-regulated
the expression of TLR3 and enhanced antiviral signaling
against HSV-1 infection in HEK, and also that RIG-I and
TLR3 both required the induction of IFNs by IAV infec-
tion [48]. In future studies, we will examine the enhanc-
ing effects of IFN-A1 on antiviral activity against live
viral infections in HGK and an in vivo model.

In conclusion, the present results demonstrated
that functional IFN-AR1 was expressed, a treatment with
IFN-A1 induced the expression of RIG-I and TLR3, and
the IFN-A1 treatment also increased RIG-I and TLR3
agonist-induced IL-6, IL-8, and IFN-p production in

HGK. The present study will promote further research
that focuses on IFN-A1 therapy as a valuable strategy to
activate barrier functions in the oral mucosa.
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