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ABSTRACT

Inflammaging is a subject of considerable attention, because aging is characterized by low-grade, chronic, and
asymptomatic inflammation, concomitant with increased blood levels of senescence-associated secretory phenotype
(SASP) factors, including IL-1, IL-6, IL-8, IL-18, and tumor necrosis factor-o. (TNF-a). However, IL-27 is currently not
categorized as a SASP factor, although it is known to play pleiotropic roles in inflammation. In this study, we evaluated
the interaction between TNF-o and IL-27 in the context of low-grade inflammation using HaCaT cells. TNF-a induced
significant upregulation of the mRNA levels of IL-6 and IL-8 at the experimental concentration (~10 ng/ml), while the
MRNA levels of IL-1RA, IL-10, and IL-18BP were unchanged. After confirming the expression of functional IL-27
receptors in HaCaT cells, we examined the effects of IL-27 alone on cytokine expression. 1L-27 alone significantly up-
regulated the mRNA levels of IL-10, IL-18BP and IL-6 by 1.61-fold, 1.46-fold, and 2.32-fold, respectively. In the pres-
ence of 100 ng/ml of IL-27, the mRNA levels of the anti-inflammatory cytokines IL-1RA, IL-10, and IL-18BP, were
significantly upregulated upon treatment with TNF-a at the physiological concentration (1 ng/ml). Taken together, this
study indicates that a high concentration of 1L-27 exhibits anti-inflammatory effects in the presence of a low concentra-
tion of TNF-a in keratinocytes, suggesting that the anti-inflammatory role of IL-27 in inflammaging may be regulat-
ed by TNF-a concentration.
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1. Introduction

Interleukin (IL)-27, a member of the IL-12 family, is a heterodi-
meric cytokine composed of IL-27 p28 and Epstein—-Barr vi-
rus-induced gene protein 3 subunits. The functional IL-27 receptor
consists of IL-27Ra (WSX-1) and glycoprotein 130 (gp130) and is a
commonly used cytokine receptor of the 1L-6 family!l. Binding of
IL-27 to its receptor activates JAK 1 and 2, TYK2, and STAT-1, 2, 3, 4,
and 51 and is responsible for the diverse regulatory functions of
IL-27. Previous studies have reported that IL-27 exerts
pro-inflammatory and anti-inflammatory effects®® as well as an-
ti-viral effects!!®, and therefore plays a dual role in inflammation. The
potential role of IL-27 in the skin has been previously studied. Yang et
al. demonstrated that IL-27 produced by CD301b" cells infiltrating
wound lesions stimulated keratinocyte proliferation and
re-epithelialization during the wound-healing processt*l. Another study
reported that 1L-27 is expressed in chronic lesional allergic eczema-
tous!?. In addition, a previous study showed that serum 1L-27 level in
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psoriatic patients were significantly higher than
those in healthy controls, correlating with disease
severity!®l. Aging becomes a serious issue in an
aging society. Previous studies have reported that
aging is strongly associated with inflammation+-¢,
which is the basis of the concept of inflammag-
ing®.  Clinically, inflammaging consists of
low-grade, chronic, and asymptomatic inflamma-
tion, characterized by increased blood levels of
several inflammatory biomarkers, including IL-1,
IL-6, IL-8, IL-18, and tumor necrosis factor-a
(TNF-a), which are together called senes-
cence-associated secretory phenotype (SASP) fac-
tors*®2°], The SASP factors secreted from senescent
cells, which are considered passive bystanders, play
pivotal roles in aging. Skin aging can be divided
into two distinct types, intrinsic aging and extrinsic
aging, based on the fact that the skin is the outer-
most organ and is therefore exposed to the external
environment. However, despite their different his-
tological features and functional triggers, intrinsic
and extrinsic aging share common biochemical
mechanisms, involving SASP factorsi?. Here, we
explored the effect of IL-27 on the inflammatory
environment of HaCaT cells, a human-derived
keratinocyte cell line.

2. Materials and methods
2.1 Cytokine

IL-27 and TNF-o were purchased from Pro-
teintech (Rosemont, IL, USA). Both cytokines were
dissolved in sterilized PBS at a concentration of 100
ug/ml for use in the experiments.

2.2 Cell culture

To maintain the distinct differentiation stage of
HaCaT cells, the cells were cultured according to
the method previously reported®2?%, Calcium in
fetal bovine serum (FBS) was depleted by incuba-
tion with Chelex 100 resin (Bio-Rad, Hercules, CA,
USA) for 1 h at 4 °C. HaCaT cells were maintained
in Ca®*-free Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 5% Ca?* -depleted
FBS, 4 mM glutamine, 1 mM sodium pyruvate, and
2 mM CaCly, at 37 °C in a 5% CO,-humidified at-
mosphere.

2.3 Immunoblotting

HaCaT cells were treated with the indicated
concentration of IL-27 for 20 min at 37 °C, and then
subjected to immunoblotting. HaCaT cells were
collected in radioimmunoprecipitation assay buffer
supplemented with protease and phosphatase inhib-
itors. Equal amounts of protein (10 ug) were loaded,
resolved via sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE), and transferred to
polyvinylidene difluoride (PVDF) membranes, fol-
lowed by immunoblotting with phosphory-
lated-STAT3 (p-STAT3) rabbit monoclonal antibody
(Cell Signaling Technology; Danvers, MA, USA).
Immunoreactive proteins were visualized using an
enhanced chemiluminescence detection system
(Millipore; Billerica, MA, USA).

2.4 Treatment with IL-27 or (and) TNF-a

To study the effects of IL-27 on the mRNA
levels of the cytokines, HaCaT cells were treated
with 10, 30, and 100 ng/ml of IL-27 for 24 h at
37 °C. To study the effects of TNF-a on the mRNA
levels of cytokines, HaCaT cells were treated with 1,
5, and 10 ng/ml of TNF-a for 24 h at 37 °C. To
study the effects of the interaction of TNF-a and
IL-27 on the mRNA levels of cytokines, HaCaT
cells were treated with 1 or 10 ng/ml of TNF-a for
24 h at 37 °C, in the presence of 10 or 100 ng/ml of
IL-27.

2.5 Real-time gPCR

Real-time qPCR was conducted as the follow-
ing, according to a previous studyl. After the
treatments, cells were harvested and total RNA was
extracted using the SV RNA isolation Kit (Promega;
Madison, WI, USA), according to the manufactur-
er’s instructions, followed by reverse transcription
using ReverTra Ace® gPCR RT Master Mix
(TOYOBO; Osaka, Japan). PCR amplification and
detection were conducted using a CFX96 real-time
PCR system (Bio-Rad; Hercules, CA, USA) with
KAPA SYBR FAST gPCR master mix (KAPA Bi-
osystems; Woburn, MA, USA). The sequences of
primer pairs were shown in Table 1. Target mMRNA
expression was quantified using the comparative
threshold cycle (Ct) method for relative quantifica-
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tion (2**Ct), and normalized to the geometric mean

of the reference gene (-actin) expression.

Table 1. Primer pairs

. sense
B-actin

antisense
IL27Ra %€
antisense
sense
gp130 antisense
IL-1RA Sense
antisense
IL-6 Sense
antisense
IL-8 Sense
antisense
IL-10 SerIse
antisense
IL-18B8P NS
antisense

5'-GATGAGATTGGCATGGCTTT-3'
5'-CACCTTCACCGTTCCAGTTT-3'
5'-AGGCCACCTCACCCACTACA-3'
5'-ATGCTGTCACCCACAGCTCA-3'
5'-ATCCTGTGGATCTGGGCAAA-3’
5'-GCCTCCATGCCAACTGTTTC-3'
5'-TGGAGGGAAGATGTGCCTGT-3’
5'-GCGCTTGTCCTGCTTTCTGT-3'
5'-ATGCAATAACCACCCCTGAC-3'
5'-AAAGCTGCGCAGAATGAGAT-3'
5'-ACCACCGGAAGGAACCATCT-3’
5'-TTGGCAAAACTGCACCTTCA-3’
5'-CAAGCCTGACCACGCTTTCT-3'
5'-AAAGGGGCTCCCTGGTTTCT-3'
5'-TGGGTTCACACGCAGCTAGA-3'
5'-GGCATCTGCTTCCTCCTTCA-3'

2.6 Statistical analysis

Data are expressed as the mean + SEM. Statis-
tical comparisons between experimental groups and
controls were performed using unpaired student’s
t-test. Statistical significance was set at p < 0.05.

3. Results

3.1 Functional IL-27 receptor expression in
HaCaT cells

Real-time gPCR was conducted to estimate the
MRNA levels of IL-27 Ra and gp130. The mRNA
level of IL-27Ra was 0.21 + 0.05-fold that of invo-
lucrin, which is a differentiation marker of HaCaT
cells, while the mRNA level of gp130 was 9.24 +
1.06-fold that of involucrin (Figure 1a). Next, im-
munoblotting for p-STAT3 was performed to con-
firm the function of the IL-27 receptor expressed in
HaCaT cells. p-STAT3 was detected in HaCaT cells
treated with IL-27 at concentrations ranging from 3
to 100 ng/ml (Figure 1b).

3.2 The treatment with TNF-a upregulated
the mRNA expression of pro-inflammatory
cytokines in HaCaT cells

The mRNA levels of IL-6, IL-8, IL-1RA,
IL-10, and IL-18BP were examined using real-time
gPCR. The mRNA levels of IL-6 were significantly
upregulated to 156 + 0.21-fold and 1.37 %
0.12-fold by treatment of 5 and 10 ng/ml TNF-a
respectively. The mRNA levels of IL-8 were signif-
icantly upregulated up to 8.43 + 1.07-fold following
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Figure 1. The functional IL-27 receptor is expressed in HaCaT
cells.

To evaluate the functional IL-27 receptor expression in HaCaT
cells, gPCR (a), and immunoblotting of p-STAT3 (b) were
performed. Significant mRNA levels of IL-27Ra and gp130
against IVL were confirmed in HaCaT cells (a). The spots of
p-STAT3 in the immunoblot of cells treated with IL-27 were
detected within a concentration range of 3 to 100 ng/ml of
IL-27 (b).

treatment with TNF-a at experimental concentra-
tions. The mRNA levels of IL-1RA, IL-10, and
IL-18BP were unaffected by TNF-a treatment
(Figure 2).

3.3 The treatment with 1L-27 affected the
MRNA expression of IL-6, IL-10 and
IL-18BP
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Figure 2. TNF-a-induced upregulation of IL-6 and IL-8 mMRNA expression.

To evaluate the effect of TNF-a, the mMRNA levels of IL-6, IL-8, IL-1RA, IL-10, and IL-18BP were measured in HaCaT cells. TNF-a
stimulation upregulated the mRNA levels of IL-6 and IL-8, while those of IL-1RA, IL-10, and IL-18BP remained unchanged at
experimental concentrations. Each value is represented as the mean + SEM of at least three independent experiments (*p < 0.05, ***p

< 0.001 compared with the control).

The mRNA levels of IL-6, IL-8, IL-1RA,
IL-10 and IL-18BP were examined by real-time
gPCR. The mRNA levels of IL-6 were significantly
upregulated up to 2.32 £ 0.10-fold in HaCaT cells
treated with 1L-27 at the experimental concentra-
tions. The MRNA levels of IL-10 were significantly
upregulated to 1.61 + 0.23-fold after treatment with
100 ng/ml IL-27. The mRNA levels of IL-18BP
were significantly upregulated to 1.46 + 0.16-fold
after treatment with 10 ng/ml IL-27. The mRNA
levels of IL-8 and IL-1RA were not affected by the
treatment with 1L-27 (Figure 3).

3.4 TNF-a affected IL-27-induced mRNA
expression of cytokines

To estimate the effect of the interaction of
TNF-a and IL-27 on the mMRNA levels of cytokines,

IL-27-regulated mRNA expression of cytokines was
determined in the presence of 1 or 10 ng/ml TNF-a.
In the presence of a low dose of I1L-27 (10 ng/ml),
the mRNA levels of 1L10 and IL-18BP were signif-
icantly upregulated following treatment with TNF-a,
while the expression levels of IL-6 and IL-8 were
significantly enhanced as well (Figure 4). In con-
trast, in the presence of a high dose of IL-27 (100
ng/ml), the mRNA levels of anti-inflammatory cy-
tokines, IL-1RA, IL-10, and IL-18BP, were signifi-
cantly upregulated to 1.70 + 0.0.16-fold, 3.30 %
0.28-fold and 2.87 + 0.49-fold, respectively, fol-
lowing treatment with 1 ng/ml TNF-o, while the
expression levels of proinflammatory cytokines also
upregulated (Figure 5).
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Figure 3. IL-27 induced the upregulation of mMRNA expression of IL-6, IL-10 and IL-18BP.
To evaluate the effect of IL-27, the mRNA levels of IL-6, IL-8, IL-1RA, IL-10 and IL-18BP were measured in HaCaT cells. The mRNA
expression of 1L-6 was significantly upregulated in a dose-dependent manner. The mRNA expression of IL-10 and IL-18BP was also
upregulated at concentrations of 30 ng/ml and 10ng/ml respectively. Each value is represented as the mean + SEM from at least three
independent experiments (*p < 0.05, **p < 0.01, ***p < 0.001 compared with the production from the control).

4. Discussion

The aging of organs starts at the time of birth
and continues throughout life. How to cope with
aging, which causes systemic as well as topical
frailty, is a growing subject of interest because of
the aging society. Previous studies have reported
strong association between inflammation and ag-
ingl which is the basis of the concept of in-
flammaging!*”). In inflammaging, which is clinically
characterized by low-grade, chronic, and asympto-
matic inflammation[*®°1 SASP factors such as IL-1,
IL-6, IL-8, and TNF-a play a pivotal role in the
progression of aging. Among these SASP factors,
TNF-0, an immunological biomarker of frailty and
aging™*®, is known to play a vital role in inflamma-
tory diseases such as psoriasis®®!. In addition, a

previous study has reported that TNF-a induces the
production of IL-27 from human macrophages®.
Moreover, other previous studies have demonstrat-
ed that IL-27, whose serum levels in patients with
psoriasis  were elevated, suppressed the
TNF-a-induced production of IL-1o and CCL20™3!,
Moreover, as per another study, IL-27 suppressed
the TNF-a-induced production of CXCL1, CXCL2,
CXCLS8, and CCL20 from human keratinocytes’..
These previous studies suggest that the interac-
tion between TNF-a and IL-27 plays a vital role in
psoriasis. Here, by using HaCaT cells, a hu-
man-derived keratinocyte cell line, we explored
how IL-27 affects the TNF-a-induced inflammatory
environment, although IL-27 is not categorized as a
SASP factor. We evaluated the expression and func-
tion of IL-27 receptor in HaCaT cells, as to the best
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of our knowledge, it has not been evaluated before.
The results of gPCR and immunoblotting demon-
strated that both subunits of the IL-27 receptor,
IL-27Ro and gp130, were expressed in HaCaT cells,
and that p-STAT3 was present in IL-27-treated Ha-
CaT cells. These results suggest that a functional
IL-27 receptor is expressed in HaCaT cells. We also
examined the effects of TNF-a on cytokine produc-
tion in HaCaT cells. As shown in Figure 2, the
treatment with TNF-a upregulated the mRNA levels
of IL-6 and IL-8, while those of IL-1RA, IL-10 and
IL-18BP were not affected. In agreement with pre-
vious studies, this study demonstrated the
pro-inflammatory effects of TNF-a. Next, we eval-
uated the effects of IL-27 alone on the mRNA levels
of IL-6, IL-8, IL-1RA, IL-10, and IL-18BP (Figure
3). Surprisingly, 1L-27 upregulated IL-6 mRNA ex-
pression in a dose-dependent manner. Although
Kalliolias et al. demonstrated that the priming of
human macrophages with IL-27 enhanced IL-6
production by stimulation with toll-like receptor
ligands, while 1L-8 production induced by TNF-a
was suppressed in the presence of IL-27%%. To
the best of our knowledge, the present study is the
first to demonstrate that IL-27 alone can induce
IL-6 production. Regarding the effects of IL-27 as
an anti-inflammatory cytokine, IL-27 significantly
upregulated the mRNA expression of IL-10 and
IL-18BP at concentrations of 30 ng/ml and 10
ng/ml, respectively, which is in agreement with the
findings of previous studies!?®3%. These results
suggest that 1L-27 exerts both pro- and anti- in-
flammatory effects on keratinocytes. Next, we
evaluated the effects of 1L-27 and TNF-a on cyto-
kine production. To the best of our knowledge, alt-
hough 10 ng/ml of TNF-a has been used in vitro to
mimic symptomatic skin inflammation of the type
observed in psoriasis, there has been no previous
study that used 1ng/ml of TNF-a. We speculate that
the reason why a low concentration of TNF-a has
not been used so far is that it does not produce clear
results with respect to cytokine production. Howev-

er, because the elevated plasma concentration of
TNF-a (below 10 pg/ml) in the elderly is associated
with frailty and mortality, it is likely that low-dose
TNF-a plays a role in inflammaging™*Y. Thus, we
used concentrations of 1 and 10 ng/ml of TNF-a in
this study. We observed differential expression pat-
terns of cytokines depending on the concentration
of IL-27. In the presence of high doses of IL-27
(100 ng/ml), the mRNA levels of anti-inflammatory
cytokines were significantly upregulated when the
cells were treated with 1 ng/ml TNF-a (Figure 5),
whereas the expression levels of IL-1RA and IL-10
were significantly upregulated with the treatment of
10 ng/ml TNF-a in the presence of low dose of
IL-27 (10 ng/ml), as shown in Figure 4. Collec-
tively, the findings of this study indicate that at high
concentrations, I1L-27 exhibits anti-inflammatory
effects in the presence of low concentrations of
TNF-o. in Kkeratinocytes, indicating its an-
ti-inflammatory role in inflammaging. Howev-
er, because it has been reported in a previous study
that TNF-o signaling via IL-27R promotes the ag-
ing of hematopoietic stem cells®, and it remains
unclear whether a sufficient amount of IL-27 is
supplied by dendritic cells and macrophages, which
are major sources of 1L-27 whose functions decline
with aging®*3¥ and further experiments are re-
quired.
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Figure 4. The interaction between IL-27 and TNF-a in the presence of 10 ng/ml I1L-27.
To examine the effect of interaction between TNF-a and 1L-27 on the mRNA levels of cytokines, IL-27-regulated mRNA levels were
determined in the presence of 1 or 10 ng/ml TNF-a. In the presence of 10 ng/ml IL-27, the mRNA levels of ILIRA and IL-18BP were
significantly upregulated by TNF-a, while the those of other cytokines were only slightly upregulated. Each value is represented as the
mean + SEM from at least three independent experiments (*p < 0.05, **p < 0.01, ***p < 0.001 compared with the production from the
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