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ABSTRACT

Allergic diseases are currently considered diseases of excessive type 2 inflammation created by orchestration be-
tween the innate and acquired immune systems. Since pattern recognition receptors (PRRS) are present in epidermal
keratinocytes, it is noteworthy that aggravating factors of allergic diseases act directly on keratinocytes via PRRs. To
investigate the relationship between the activation of PRRs and inflammation, we stimulated a keratinocyte cell line
(HaCaT cells) with agonists against proteinase-activated receptor-2 (PAR-2), Toll-like receptor (TLR)2, and TLR4,
alone or in combination, and we evaluated the changes in inflammatory cytokines and chemokines. Activation of TLR2
or TLR4 alone induced interleukin 6 (IL-6), IL-8, and monocyte chemoattractant protein-1 (MCP-1) in an agonist con-
centration-dependent manner. Simultaneous activation of TLR2 and TLR4 induced IL-8 synergistically, MCP-1 in an
additive trend, and 1L-6 weakly but synergistically. PAR-2 activation of HaCaT cells induced IL-6 and IL-8 but sup-
pressed MCP-1 in an agonist concentration-dependent manner. The enhancement of IL-8 and the suppression of
MCP-1 by PAR-2 activation were both neutralized by the PAR-2 antagonist AZ3451, supporting the possibility that
PAR-2 activation simultaneously induces the following opposing effects in inflammation: enhancement of IL-8 and
suppression of MCP-1. The nuclear factor-xB (NF-xB) pathway inhibitor BAY 11-7082 neutralized the induction of
IL-8 but not the suppression of MCP-1 by PAR-2 activation, indicating that PAR-2 activation induces activation of the
NF-kB pathway, and that the suppression of MCP-1 by PAR-2 activation is not related to the NF-xB pathway.
Keywords: Pattern Recognition Receptor (PRR); Proteinase-activated Receptor-2 (PAR-2); Inflammation; Allergic Dis-
eases; Induced Interleukin 8 (IL-8), Monocyte Chemoattractant Protein-1 (MCP-1)
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also present in epithelial cells located at the inter-
face of the body with the outside world®!. Thus it
should be aware that aggravating factors in the en-
vironment can act directly on epidermal cells!®%,
Although we have studied the component analysis
of natural productsi! and the effects of them on
allergic diseases in clinical trials™*), their mecha-
nisms of action also need to be further investigated
from the perspective of innate immunity. As in the
case of HDMs, when considered at the molecular
level even a single aggravating factor is composed
of various types of molecules, and a single factor is
thus thought to stimulate multiple PRRs!*. Since
the above aggravating factors!“" activate protein-
ase-activated receptors-2 (PAR-2), Toll-like recep-
tor (TLR)2, and TLR4, we focused on these PRRs
in this study.

In this study, we used agonists of these PRRs
to investigate the direct effects of environmental
aggravators of allergic diseases on epidermal
keratinocytes, and we report interesting results on
the activation of PRRs and inflammatory responses.

2. Materials and methods
2.1 Materials

The human epidermal keratinocyte line HaCaT
cells were obtained from Cosmo Bio (Tokyo). Dul-
becco’s modified Eagle’s medium (DMEM) (high
glucose) and Penicillin-Streptomycin solution were
obtained from Wako Pure Chemical Industries
(Osaka, Japan). Fetal bovine serum (FBS) was ob-
tained from Corning (Corning, NY, USA). The
NF-kB pathway inhibitor BAY 11-7082, Zymosan
A, and lipopolysaccharide (LPS) from Escherichia
coli O55 were purchased from Wako Pure Chemical
Industries. The PAR-2 agonist SLIGKV-NH; was
purchased from Abcam (Cambridge, UK). The
PAR-2 antagonist AZ3451 was purchased from
MedChemExpress (Monmouth Junction, NJ). The
Cell Counting Kit-8 was from Dojindo Laboratories
(Kumamoto, Japan). Enzyme-linked immuno-
sorbent assay (ELISA) kits for human interleukin 6
(IL-6), IL-8, monocyte chemoattractant protein-1
(MCP-1), thymic stromal lymphopoietin (TSLP),
and tumor necrosis factor-alpha (TNF-a) were ob-

tained from BioLegend (San Diego, CA).
2.2 Cell culture

HaCaT cells were maintained in DMEM con-
taining high glucose (4,500 mg/L), sodium pyruvate
(110 mg/L), and L-glutamine (584 mg/L), supple-
mented with 10% FBS, 100 units/mL of penicillin,
and 100 ug/mL of streptomycin. Cells were incu-
bated at 37 °C with 5% CO, in a humidified at-
mosphere.

2.3 Cell stimulation experiments

HaCaT cells were seeded in 24-well plates at a
density of 3.0 x 10° cells/well in DMEM containing
high glucose, sodium pyruvate, and L-glutamine,
supplemented with 1% FBS and antibiotics at 37 °C
for 24 h. The cells were then stimulated with the
agonists Zymosan(>16], LPSI, and
SLIGKV-NH,™ respectively for an additional 24
h. After treatment, the culture supernatants were
collected and stored at —20 °C until assayed. For the
evaluation of the effect of an antagonist or an inhib-
itor, i.e.,, Az34511% or BAY 11-7082%%, were
pre-treated for 2 h prior to agonist stimulation for
24 h.

2.4 Cell viability assay

A Cell Counting Kit-8 was used to measure
cell viability according to the manufacturer’s in-
structions. The absorbance was read at the wave-
length of 450 nm using a microplate reader (model
680XR, Bio-Rad, Hercules, CA).

2.5 Measurement of protein levels of cyto-
kines/chemokines in the cell culture super-
natants

ELISA kits were used to measure the protein
levels of IL-6, IL-8, MCP-1, TSLP, and TNF-a in
the cell culture supernatants. Assays were per-
formed according to the manufacturers’ instructions.
The absorbance was read at the wavelength of 450
nm using the 680XR microplate reader.

2.6 Statistical analysis

The results were examined using Student’s
t-test and are presented as the mean + standard de-
viation (SD) (n = 4). Statistical significance is de-
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noted as *p < 0.05, **p < 0.01, or ***p < 0.001.
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Figure 1. Stimulation of PRRS by their respective agonists in HaCaT cells. SLIGKV-NH2, Zymosan, or LPS, which are agonists of
PAR-2, TLR2, or TLRA4, respectively, was added to HaCaT cells alone, and cell viability (A) and the levels of inflammatory cytokines
and chemokines in supernatants, such as IL-6 (B), IL-8 (C), MCP-1 (D), TSLP (E), and TNF-a, were examined after 24-h culture. To
assess cell viability (A), the optical density of cells incubated in medium alone without agonists was set at 100%. Results are presented
as mean = standard deviation (SD) (n = 4). Statistical analyses were calculated using the Student’s t-test. Statistical significance was
marked as *p < 0.05, **p < 0.01, or ***p < 0.001 compared to no agonists.

3. Results

3.1 Stimulation of PRRs by their respective
agonists in HaCaT cells

SLIGKV-NH; (a PAR-2 agonist), Zymosan (a
TLR2 agonist), or LPS (TLR4 agonist) was added
to HaCaT cells alone, and the cells’ viability and
production of inflammatory cytokines and chemo-

kines were examined after 24-h culture. No major
changes in cell viability were observed with the ad-
dition of these agonists (Figure 1A). The addition
of any of the three agonists resulted in large chang-
es in the productions of IL-8 and MCP-1 and
small but significant changes in that of IL-6, but no
regular or significant changes in TSLP or TNF-a
(Figure 1B-F). IL-6 and IL-8 were increased in a
dose-dependent manner by each of the agonists
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(Figure 1B,C). For MCP-1, although a concentra-
tion-dependent production was observed when Zy-
mosan or LPS was added to the cells, the addition
of SLIGKV-NH, resulted in a very slight but sig-
nificant decrease, as in the no-addition group (Fig-
ure 1D).

3.2 Stimulation of PRRs by mixed agonists in
HaCaT cells

The single agonists or mixtures of
SLIGKV-NH;, Zymosan, and LPS were added to
HaCaT cells, and the cells’ viability and production
of inflammatory cytokines and chemokines were
measured after 24-h culture. No major changes in
cell viability were observed with the addition of
these agonists (Figure 2A). Regarding the produc-
tion of IL-8, a synergistic effect was observed with
each combination of agonists (Figure 2C). A syner-
gistic effect on IL-6 production was also observed
with the two-agonist mixture of SLIGKV-NH; (100
uM) and LPS (100 pg/mL) and the three-agonist
mixture of SLIGKV-NH; (100 pM), Zymosan (100
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pg/mL), and LPS (100 pg/mL) (Figure 2B). In
contrast, MCP-1 was suppressed by the addition of
SLIGKV-NH,, and the addition of a mixture of
other agonists had an additive trend effect, not a
synergistic effect as in the case of IL-8 (Figure 2D).

3.3 Neutralization of the effect of
SLIGKV-NH; by the PAR-2 antagonist
AZ3451

As shown in Figure 2, the addition of
SLIGKV- NH;, a PAR-2 agonist, to HaCaT cells
induced IL-8 and suppressed MCP-1; we thus ex-
amined the effect of SLIGKV-NH; on IL-8 and
MCP-1 in the presence of the PAR-2 antagonist
AZ3451 (10 uM), which blocks PAR-2 signaling.
No major changes in cell viability were observed
with the addition of AZ3451 (Figure 3A). For IL-8,
the increase by SLIGKV-NH- alone and the syner-
gistic increase by mixing SLIGKV-NH; with other
agonists were both neutralized by AZ3451 (Figure
3B). The suppression of MCP-1 by SLIGKV-NH;
was also neutralized by AZ3451 (Figure 3C).
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Figure 2. Stimulation of PRRs by mixed agonists in HaCaT cells. Single or mixtures of SLIGKV-NH2 (100 puM), Zymosan (100
pg/mL), or LPS (100 pg/mL) were added to HaCaT cells, and cell viability (A) and the levels of IL-8 (B), MCP-1 (C) in supernatants
were examined after 24-h culture. To assess cell viability (A), the optical density of cells incubated in medium alone without agonists
was set at 100%. Results are presented as mean + SD (n = 4). Statistical significance was marked as *p < 0.05, **p < 0.01, or ***p <
0.001.
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Figure 3. Neutralization of the effect of SLIGKV-NH2 by the
PAR-2 antagonist AZ3451. HaCaT cells were pre-treated with
PAR-2 antagonist AZ3451 (10 uM) for 2 h, and incubated with
single or mixtures of SLIGKV-NH2 (100 uM), Zymosan (100
pg/mL), and LPS (100 pg/mL). Cell viability (A) and the levels
of IL-8 (B), MCP-1 (C) in supernatants were examined after
24-h culture. To assess cell viability (A), the optical density of
cells incubated in medium alone without agonists was set at
100%. Results are presented as mean + SD (n = 4). Statistical
significance was marked as *p < 0.05, **p < 0.01, or ***p <
0.001.
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3.4 Effect of the NF-kB pathway inhibitor
BAY 11-7082 on IL-8 and MCP-1

As shown in Figure 2, the addition of
SLIGKV-NH, a PAR-2 agonist, to HaCaT cells
induced IL-8 and suppressed MCP-1; we therefore
investigated the effect of SLIGKV-NH; on IL-8 and
MCP-1 in the presence of the NF-kB pathway in-
hibitor BAY 11-7082 (10 uM). No major changes in
cell viability were observed with the addition of
BAY 11-7082 (Figure 4A). The increase of IL-8
induced by SLIGKV-NH, alone and its synergistic
increase by the combination of SLIGKV-NH; with
other agonists were both neutralized by BAY
11-7082 (Figure 4B). The suppression of
MCP-1 by SLIGKV-NH; was not neutralized by
the addition of BAY 11-7082 (Figure 4C).

4. Discussion

Environmental aggravators of allergic diseases
such as HDMs, fungus, and bacteria not only act as
allergens on acquired immunity; they also activate
the innate immune system by being recognized
through PRRs such as TLRs and PARs. Since PRRs
are also present in epidermal keratinocytes, it is
noteworthy that aggravating factors of allergic dis-
eases act directly on keratinocytes via PRRs. In this
study, to investigate the relationship between the
activation of PRRs and inflammation, we stimulat-
ed the keratinocyte cell line HaCaT with agonists
against PAR-2, TLR2, and TLR4, alone or in com-
bination, and we observed the changes in inflam-
matory cytokines and chemokines. IL-8 and MCP-1
are major mediators of acute neutrophil- and chron-
ic macrophage-mediated inflammation, respective-
ly®?Y. Thus, these chemokines influence the patho-
genesis of allergic diseases.

The activation of TLR2 or TLR4 alone in-
duced productions of IL-6, IL-8, and MCP-1 in an
agonist concentration-dependent manner, although
in varying amounts (Figure 1). The simultaneous
activation of TLR2 and TLR4 induced IL-8 syner-
gistically, MCP-1 additively, and 1L-6 weakly but
synergistically (Figure 2). These inductions were
neutralized by the addition of BAY11-7082 (10 uM),
indicating that they were due to activation of the
NF-«xB pathway (Figure 4).
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Figure 4. Effect of NF-xB pathway inhibitor BAY 11-7082 on
IL-8 and MCP-1. HaCaT cells were pre-treated with NF-xB
pathway inhibitor BAY 11-7082 (10 uM) for 2 h, and incubated
with single or mixtures of SLIGKV-NH2 (100 uM), Zymosan
(100 pg/mL), and LPS (100 pg/mL). Cell viability (A) and the
levels of IL-8 (B), MCP-1 (C) in supernatants were examined
after 24-h culture. To assess cell viability (A), the optical density
of cells incubated in medium alone without agonists was set at
100%. Results are presented as mean + SD (n = 4). Statistical
significance was marked as *p < 0.05, **p < 0.01, or ***p <
0.001.

In the activation of PAR-2, contrasting results
were observed for IL-6 and IL-8, and for MCP-1.

That is, the results obtained for IL-6 and IL-8 were
similar to those observed with the activations of

TLR2 and TLR4 but not MCP-1, in which an ago-
nist concentration-dependent suppression was ob-
served (Figures 1, 2). The enhancement of I1L-8 and
the suppression of MCP-1 by PAR-2 activation was
neutralized by AZ3451 (10 uM), an inhibitor of
PAR-2, supporting the possibility that PAR-2 acti-
vation induces opposing effects: an enhancement of
IL-8 and a suppression of MCP-1 (Figure 3). BAY
11-7082 (10 puM), an inhibitor of the NF-«xB path-
way, neutralized the induction of IL-8 by PAR-2
activation, but it did not neutralize the suppression
of MCP-1, indicating that PAR-2 activation induces
activation of the NF-kB pathway, and the inhibition
of MCP-1 by PAR-2 activation is not related to the
NF-kB pathway (Figure 4).

What is noteworthy about this finding is that
the activation of PAR-2 had two opposing effects at
the same time, i.e., both inducing and suppressing
inflammation (Figures 2, 3). These results are not
surprising, since there are conflicting reports of
PAR-2 activation regarding the induction?! and
suppression?*#! of inflammation, but it is extreme-
ly interesting that the activation of PAR-2 simulta-
neously exerted conflicting effects. The prior con-
flicting findings may be due to the different
experimental conditions used, but they may also
suggest that PAR-2 plays a dual role in inducing
and protecting against inflammation in vivo.

In the HaCaT cells in this experiment, as in
other reports?®], the activation of PAR-2 is thought
to activate the NF-xB pathway, but MCP-1, which
is expected to be induced by activation of the
NF-kB pathway, was suppressed, and we thus spec-
ulate that the results regarding MCP-1 may be due
to a different mechanism of action. It has been re-
ported that the activation of TLR2('%1 and TLR4M"!
induces inflammation in keratinocytes, and that
HDMs, a causative and aggravating agent of aller-
gic diseases, mediates innate immune responses
through TLR2/4 co-activation in alveolar macro-
phages®?”). In the present study, inflammation was
also induced by the activation of TLRs, and a syn-
ergistic effect of TLR2/4 co-activation was ob-
served in IL-8 production (Figures 1 and 2).

However, we observed no regular or signifi-
cant changes in the production of TSLP or TNF-a
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(Figure 1E). Earlier studies demonstrated that a
production of TSLP in Kkeratinocytes was in-
duced by the activation of TLR3%28, TLR5[ and
TLR2/6B% and by the simultaneous activation of
IL-1R and PAR-2BY, whereas it was not induced by
peptidoglycan®, an agonist of TLR2, and was
weakly induced by PAR-2 activation alonefY. It
thus seems reasonable that no induction of TSLP
was observed in the present study. It was reported
that TNF-a in keratinocytes is induced by the acti-
vations of TLR2 and TLR4P?, as well as by the ac-
tivation of PAR-2531, Although there are differences
in the origin and primary culture cells/cell
lines between the above reports and the present
study, it is not clear why TNF-a was not induced by
PRR activation in the present investigation.

In this experiment, HaCaT cells were used in-

stead of normal human epidermal keratinocyte cells.

It is true that HaCaT cells are a heterogeneous pop-
ulation in terms of differentiation and are affect-
ed by the FBS in the medium during subculture, and
we do not know to what extent our experimental
system mimics the biological response. However,
the fact that PAR-2 activation simultaneously in-
duced and inhibited inflammatory responses under
the same conditions supports the existence of
PAR-2-mediated inflammatory and an-
ti-inflammatory pathways, as suggested by Cocks
and Moffatt?®. This mechanism remains to be elu-
cidated. Since there are many molecules with pro-
tease activity in the environment (e.g., fungi and
HDMs), the relationship between RAR-2 activation
and inflammation will require further study.

5. Conclusion

PAR-2 activation of HaCaT cells induced the
production of IL-6 and IL-8 but suppressed the
production of MCP-1 in an agonist concentra-
tion-dependent manner. The enhancement of IL-8
and the suppression of MCP-1 by PAR-2 activation
were both neutralized by its antagonist, supporting
the concept that PAR-2 activation simultaneously
induces opposing effects in inflammation, i.e., the

enhancement of IL-8 and the suppression of MCP-1.

PAR-2 activation induces activation of the NF-xB
pathway, and the suppression of MCP-1 by PAR-2

activation is not related to the NF-xB pathway.
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