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INTRODUCTION

Background: Airborne particulate matter (PM), a widespread air contaminant, is a complex
mixture of solids and aerosols composed of particles suspended in the air. PM is associated
with inflammatory responses and may worsen inflammatory skin diseases. However, the
mechanisms through which PM affects atopic dermatitis (AD) remain unclear.

Objective: To establish an in vitro model that more accurately mimics AD using human ke-
ratinocyte (HaCaT), dermal fibroblast (HDF), and mast cell (HMC-1) and using this model
to investigate the mechanism through which PMs affect AD.

Methods: An AD-like in vitro model was established by seeding HaCaT, HDF, and HMC-
1 cells with recombinant human interleukin (IL)-1c. and polyinosinic:polycytidylic acid.
We confirmed the effect of PM on the inflammatory cytokine expression of a triple-cell
culture model. SRM 1649b Urban Dust, which is mainly composed of polycyclic aromatic
hydrocarbons, was used as the reference PM. The effects of PM on the expression levels
of proinflammatory cytokines and skin barrier markers were assessed using quantitative
real-time polymerase chain reaction and western blotting. Inflammatory cytokine levels
were measured using an enzyme-linked immunosorbent assay.

Results: Interactions between various skin cell types were evaluated using a co-culture
system. PM treatment increased mRNA and protein levels of the inflammatory cytokines
IL-6, IL-1a, tumor necrosis factor-a, IL-4, and IL-1B and decreased the expression of the
skin barrier markers filaggrin and loricrin.

Conclusion: Our results suggest that an in vitro triple-cell culture model using HaCaT,
HDEF, and HMC-1 cells may be reliable for obtaining more physiological, functional, and
reproducible data on AD and skin barriers.
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skin diseases’, atopic dermatitis (AD)*"’
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, acne, and allergic
reactions

Exposure to ambient particulate matter (PM) is a major
global concern. The problem of air pollution has become
prevalent worldwide, and interest in health problems caused
by PM has also grown"”. PM, a key constituent of air pollu-
tion, is known to increase the risk of cardiovascular, respira-
tory, nervous, and immune diseases™. Recently, the damag-
ing effects of PM on the skin have been of great interest™.
PM correlated not only with the exacerbation of inflamma-

tory effects but also with the progression of inflammatory

In vitro studies have evaluated the pro-inflammatory ef-
fects of PM, but the role of communication between the three
types of skin cells is not well known'>'’. In this regard, a few
studies have shown that the interactions between human kera-
tinocyte (HaCaT) and dermal fibroblast (HDF) lead to an en-
hanced response to PM and that this interaction is dependent
on cellular cross-linking'*'"**.

Triple-cell culture systems have been used extensively

to study the interactions between different cell populations
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Atopic Dermatitis-Like In Vitro Co-Culture Model

and to understand cell-to-cell interactions'>*°

. In contrast,
monoculture systems provide only the cell growth envi-
ronment and are not able to imitate intercellular signaling
factors'®. Cell-to-cell interactions are controlled through
direct intercellular contact with signaling molecules se-
creted by cells”. The interactions between HaCaT and HDF
that have had direct contact with precipitated particles
are important; however, they remain largely unknown® .
We previously showed that the in vitro triple-cell cul-
ture method facilitates the co-culture of at least three cell
populations with a high degree of cell-to-cell contact™"**,
Therefore, in this study, we aimed to establish an AD-like
in vitro model using a triple-cell culture system and use
this model to investigate the mechanism through which

PM affects AD.

MATERIALS AND METHODS

Preparation of particle matter samples

A standard diesel PM (SRM 1649b) with a diameter measur-
ing less than 2.5 um (PM, ), issued by the National Institute
of Standards and Technology (NIST, Gaithersburg, MD,
USA), was purchased from Sigma-Aldrich (St. Louis, MO,
USA). SRM 1649b suspensions were prepared in cell culture
media at PM concentrations of 25 ug/cm” and 50 pg/cm”’. The
suspended particles were sonicated for 60 minutes to prevent
agglomeration. Experiments were performed within 1 hour
of the PM preparation to avoid variability in PM components
in the different fractions between replicates. The cells were
exposed to the total PM suspensions at varying concentrations
of 25~50 pg/cm” for 24 hours. PM suspensions were prepared

in media for bioactivity assays.

Reagents

Polyinosinic-polycytidylic acid sodium salt (Poly I:C) was
purchased from Sigma-Aldrich, and recombinant human
interleukin (IL)-1o and recombinant human IL-4 were
purchased from PeproTech (Rocky Hill, NJ, USA). For
western blot analysis, IL-4, IL-1B, IL-6, filaggrin (FLG),
and loricrin (LOR) were purchased from Thermo Fisher
Scientific Inc. (Waltham, MA, USA). Anti-glyceraldehyde
3-phosphate dehydrogenase (GAPDH) was purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Hu-

man IL-4, IL-13, and enzyme-linked immunosorbent assay

(ELISA) kits were purchased from R&D Systems (Minne-
apolis, MN, USA).

Cell culture

The HaCaT and HDF cell lines were purchased from the Ko-
rean Cell Line Bank (KCLB, Seoul, Korea). The human mast
cell line (HMC-1) was purchased from Millipore (Carlsbad,
CA, USA). HaCaT and HDF cells were cultured in Dulbec-
co’s Modified Eagle’s Medium (DMEM) supplemented with
10% heat-inactivated fetal bovine serum (FBS) at 37T in a
humidified 5% CO, atmosphere. HMC-1 cells were main-
tained in Iscove’s Modified Dulbecco’s Medium (IMDM,
Thermo Fisher Scientific Inc.) supplemented with 10% FBS,
1.2 mM q-thioglycerol (Sigma-Aldrich), 2 mM L-glutamine,
penicillin (100 IU/ml), and streptomycin (50 pg/ml) in the
same CO, incubator. The medium for mast cells was changed
every 3~4 days. The co-culture medium was prepared using
a DMEM:IMDM mixture ratio of 3:1 (Table 1). Upon reach-
ing confluence, the cells were treated with 0.05% trypsin in
0.53 mM EDTA and incubated for 3 to 5 minutes at 37C.
The cells were conditioned for at least 6 hours in serum-free

medium before experimentation.

Poly I:C, IL-1a, and PM treatment of HaCaT, HDF, and
HMC-1 cells

A total of 1x10° cells were seeded per well of a 96-well plate
(2 ml triple-cell culture suspension per well) and incubated
for 24 hours. The triple-cell cultures were pretreated with
Poly I:C (10 ug/ml) and IL-1a (10 ng/ml). After incubation
for 24 hours, the triple-cell culture models were treated with
PM at concentrations of 25 ug/cm’ or 50 ug/cm’. The plates

were incubated at 37C for 24 hours. The PM concentration

Table 1. Media used for cell cultures

Cell culture Medium Other
Single cultures
HaCaT DMEM
HDF DMEM
HMC-1 IMDM Alpha-thioglycerol
Co-cultures

HaCaT+HDF+HMC-1 DMEM+IMDM, 3:1

HaCaT: human keratinocyte, HDF: human dermal fibroblast,
HMC-1: human mast cell, DMEM: Dulbecco’s Modified Eagle’s
Medium, IMDM: Iscove’s Modified Dulbecco’s Medium.
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was optimized according to those in previous studies.

Quantitative real-time polymerase chain reaction

Total RNA was extracted from cells using the TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) according to the manufac-
turer’s instructions. mRNA concentrations were measured
using an ND-2000 spectrophotometer (Thermo Fisher Scien-
tific Inc.), and purity was determined by measuring the A,/
A g ratio. cDNA was generated from 1 pg of purified RNA via
reverse transcription using the RevertAid First Strand cDNA
Synthesis Kit (Thermo Fisher Inc.) and incubated for 1 hour at
427TC. Quantitative real-time polymerase chain reaction (QRT-
PCR) was performed using the QuantStudio 3 system (Applied
Biosystems, Waltham, MA, USA) and a PowerUp SYBR Green
Master Mix (Applied Biosystems). All data were normalized

A
24 h 24 h
— —
00000000022 000

Starvation PM treat

to those of the housekeeping gene GAPDH. Relative quantita-
tion was performed using the 27**“ method, according to the

manufacturer’s instructions.

Western blot analysis

Triple-cell cultures were seeded onto 6-well culture plates, and
cellular quiescence was induced at cell confluence via incuba-
tion in serum-free DMEM in 1% FBS for 12 hours. Growth-
arrested cells were incubated with or without PM at various
concentrations at 37C. After 24 hours of incubation, the cells
were washed with ice-cold phosphate-buffered saline. The col-
lected cells were lysed with 1% Triton-X radioimmunoprecipi-
tation assay (RIPA) buffer containing a protease and phospha-
tase inhibitor cocktail. Lysates were centrifuged at 16,000xg

for 20 minutes at 4C to obtain the whole-cell extract. Protein
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concentration was determined using the bicinchoninic acid
assay, according to the manufacturer’s instructions. Samples
from the supernatant fractions (25 pg protein) were denatured
and subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis using a 15% separation gel. Proteins were
then transferred onto nitrocellulose membranes, which were
incubated successively at room temperature with 5% skim
milk in Tris-buffered saline containing Tween-20 for 1 hour.
Subsequently, the membranes were incubated with primary
antibodies (1:2,000 dilution) overnight at 4C and horseradish
peroxidase-conjugated secondary antibodies (1:3,000 dilu-
tion) for 1 hour at room temperature. After rinsing, the bands
were visualized using the Ez-West Lumi Plus system (ATTO,
Tokyo, Japan). The results were obtained using an image
analyzer (Image Lab 3.0; Bio-Rad, Hercules, CA, USA) and

quantified using ImageJ software (ImageJ; National Institutes

==

of Health, Bethesda, MD, USA).

Enzyme-linked immunosorbent assay

The culture supernatant was incubated for 24 hours with
PM, and the culture supernatants were collected and stored
at -80T. IL-4 and IL-13 released into the supernatant were
measured using a human ELISA kit (R&D Systems) accord-

ing to the manufacturer’s instructions.

Statistical analysis

We compared the resulting PM effects in the treatment groups
and controls using one-way analysis of variance and Tukey’s
multiple-comparison post hoc test. Differences between
groups were considered significant at p<0.05, and statistical

analyses were performed using GraphPad Prism 8.0 (Graph-

Pad Software, Inc., CA, USA).
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Fig. 2. Direct co-culture system. (A) Schematic representation of the strategy of particulate matter (PM) and proinflammatory cytokines
exposure with the atopic dermatitis (AD)-like in vitro model. AD-like in vitro models were pretreated with Poly I:C (10 ug/ml) and IL-1a. (10
ng/ml) for 24 hours and subsequently incubated with PM (25 or 50 pg/cm?) for 24 hours. (B) The mRNA expression levels of IL-6, IL-1a,
IL-1B, LOR, FLG, TSLP, and TNF-q are presented in a graphical form (the relative mRNA levels are presented as fold change compared
with untreated cells). Values are presented as mean+standard deviation (n=3). Poly I:C: polyinosinic:polycytidylic acid, IL: interleukin,
FLG: filaggrin, LOR: loricrin, TSLP: thymic stromal lymphopoietin. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 compared with

basal levels.
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RESULTS

Morphology of co-cultures, and PM, ; stimulates
pro-inflammatory cytokine production in the triple-cell
culture model

A co-culture system with three different cell types was cre-
ated to evaluate the interactions among different cell types
in the skin. Cultures of three different cell types, including
HaCaT, HDF, and HMC-1, were used. Their morphology
was further evaluated using microscopy, which revealed a
homogenous distribution of the three cell types. The mor-
phologies of the keratinocytes, fibroblasts, and mast cells
examined using phase-contrast microscopy were as follows:
keratinocytes and fibroblasts at a 1:3 ratio; keratinocytes and
fibroblasts at a 1:5 ratio; and keratinocytes, fibroblasts, and
mast cells at a 1:3:3 ratio (Fig. 1A). We conducted experi-
ments on various cell ratios, of which cell proliferation and
morphology were appropriate at 1:3:3 ratio, and inflamma-
tion was easily induced. The effects of PM on pro-inflam-

matory cytokine expression in a triple-cell culture model
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IL-1p relative protein expression

FLG relative protein expression

were confirmed. As shown in Fig. 1B, C, the models were
treated with different PM concentrations (10, 25, 50, and 100
pg/cm?) for 24 hours to determine changes in mRNA and
protein expression levels. Reverse transcription polymerase
chain reaction (RT-PCR) was performed to determine the
mRNA levels of IL-4 and IL-13. qRT-PCR and western blot-
ting were performed to determine the mRNA and protein
levels of IL-6 and IL-1pB. The results showed that PM treat-
ment increased the mRNA and protein expression levels of
IL-6 and IL-1f in a dose-dependent manner in the triple-
cell culture model when compared with the levels in the un-
treated controls. Expression levels were normalized to that
of GAPDH. The protein levels showed significant differences

between groups.

PM induces inflammatory responses in the AD-like

in vitro model

The AD-like in vitro model was established through treat-
ment with Poly I:C (10 pg/ml) and IL-1¢ (10 ng/ml) in the

triple-cell culture system. To confirm the effects of PM on
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the inflammatory responses in AD-like in vitro models, the
cells were treated with PM (25 and 50 pg/cm”®) for 24 hours
following pre-treatment with Poly I.C and IL-1a for 24
hours (Fig. 2A). qRT-PCR was used to measure the mRNA
expression levels of IL-6, IL-1p, IL-1a, tumor necrosis factor
(TNF)-a, LOR, and FLG. Expression levels were normalized
to that of GAPDH. The results showed that the mRNA ex-
pression of the inflammatory cytokines IL-6, IL-1pB, IL-1a.,
and TNEF-q increased, while that of the skin barrier mark-
ers FLG and LOR decreased (Fig. 2B). These results showed
that there was a more significant increase in expression in

the cytokine-stimulated groups than in the PM-only group.

Effects of PM on inflammation and the skin barrier in
the AD-like in vitro model

Western blotting was used to assess the effects of PM (25 and
50 pg/cm’) on the expression levels of proinflammatory cy-
tokines and skin barrier markers. Cells were treated with PM
for 24 hours following pretreatment with Poly I:C, IL-1¢. (Fig.
3A), and IL-4 (50 ng/ml) for 24 hours (Fig. 3B). PM treatment
increased the protein levels of the inflammatory cytokines
IL-4 and IL-1p in the triple-cell culture model and decreased
the expression of the skin barrier markers FLG and LOR. The
results additionally showed that there were significant differ-

ences between the different groups.

Effects of PM on the protein levels of proinflammatory
cytokines in the AD-like in vitro model

ELISA was performed to determine the protein levels of IL-4
and IL-13. PM treatment increased the protein levels of IL-4
and IL-13 in the triple-cell culture models when compared
with those in the untreated controls (Fig. 4).

DISCUSSION

This study aimed to establish an AD-like in vitro model and
evaluate an in vitro triple-cell culture model for the inflamma-
tory effects after exposure to PM, ;. PM exposure has various
adverse effects on the human skin, where the negative effects
between PM exposure and the skin have been elucidated in
studies on skin inflammation levels; skin cancer; and skin dis-
eases, including atopic dermatitis, eczema, and psoriasis**°

In a previous study, a co-culture of keratinocytes and fi-

broblasts was used to evaluate PM-induced effects', but in the
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Fig. 4. Protein levels of IL-4 and IL-13 determined using an
enzyme-linked immunosorbent assay. (A) Cells were pre-
treated with Poly I:C, IL-1a, and (B) IL-4 for 24 hours and
subsequently incubated with particulate matter (PM) for 24
hours; samples were normalized to standard curves. Values
are presented as mean+standard deviation (n=3). Poly I:C:
polyinosinic:polycytidylic acid, IL: interleukin.

present study, one more type of cell was added: mast cells.
Mast cells expressing c-kit are crucial effector cells in allergic
and anaphylactic responses. Higher numbers of mast cells are
found in AD skin lesions than in non-lesioned skin. In AD,
mast cells are suggested to be involved in immunopathology
by detecting the surrounding environment”. A recent animal
study suggested that mast cells are involved in controlling skin
barrier function, which could be one of the pillars of AD*. In
addition, Poly I:C and IL-1a, were used as treatments in the
triple-cell model to establish an AD-like in vitro model**".
The results showed that PM induced an increase in the ex-
pression of proinflammatory cytokines such as IL-1a, IL-1f,
IL-6, IL-4, IL-13, and TNF-q in triple-cell cultures™
the paracrine effects of IL-4 and IL-13 did not differ signifi-

. However,

cantly between the groups. Conversely, the expression of skin
barrier markers FLG and LOR decreased. The cytokine secre-
tion pattern after exposure to PM appeared to correspond to
the in vivo effects related to PM previously shown™.

The most important finding of the present in vitro system is
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that the interaction between keratinocytes, fibroblasts, and mast
cells leads to an amplified response to PM. These amplifications
may mimic what occurs in the skin. Triple-cell cultures consisting
of various cell types can mimic realistic interactions in human
skin and is a more reliable evaluation model than traditional cell
monocultures”. On our previous study”, the effects of air pollut-
ants on atopic dermatitis were evaluated by treating keratinocytes
with IL-4, IL-13 and PM. Comparison of mRNA and protein ex-
pression levels between the single cell model and triple co-culture
model showed that there are significant differences in the expres-
sion of inflammatory and skin barrier markers in the triple co-
culture model even without IL-4 or IL-13 cytokine treatment.
Furthermore, this AD-like in vitro triple cell model has
strengths over conventional 3-dimensional (3D) skin equiva-
lents in two aspects. First, if 3D skin equivalents are advanta-
geous for seeing histological changes similar to those of real
human skin, the triple cell model allows us to easily investi-
gate the underlying mechanisms and examining quantitative
changes of substances. Second, it is less expensive than the
3D skin equivalents, so more diverse research is possible. Still
there are challenges in designing the micro-environment of
the skin and the long-term culture in a triple cell model, and
further research is needed in order to overcome these issues.
In conclusion, we developed a novel AD-like in vitro model
that mimics the cell interactions within the skin. This model
can lead to a better understanding of the different cellular
mechanisms related to PM response. The AD-like in vitro
model with keratinocytes, fibroblasts, and mast cells showed
results consistent with the inflammation effects previously
identified for PM. This novel system opens up the possibility
of analyzing the effects of specific substances on cytokines
levels and transduction signals in the human skin, allowing

for a better understanding of the mechanisms involved in AD.
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