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Psoriasis is a chronic skin disease characterized by thickening and disorganization of the skin’s protective
barrier. Although current models replicate some aspects of the disease, development of therapeutic strategies
have been hindered by absence of more relevant models. This study aimed to develop and characterize an
in vitro psoriatic human skin equivalent (HSE) using human keratinocytes HaCat cell line grown on fibrob-
lasts-derived matrices (FDM). The constructed HSEs were treated with cytokines (IL-1a, TNF-a, IL-6, and IL-
22) to allow controlled induction of psoriasis-associated features. Histological stainings showed that FDM-
HSE composed of a fully differentiated epidermis and fibroblast-populated dermis comparable to native skin
and rat tail collagen-HSE. Hyperproliferation (CK16 and Ki67) and inflammatory markers (TNF-a and IL-6)
expression were significantly enhanced in the cytokine-induced FDM- and rat tail collagen HSEs compared to
non-treated HSE counterparts. The characteristics were in line with those observed in psoriasis punch biopsies.
Treatment with all-trans retinoic acid (ATRA) has shown to suppress these effects, where HSE models treated
with both ATRA and cytokines exhibit histological characteristics, hyperproliferation and differentiation
markers expression like non-treated control HSEs. Cytokine-induced FDM-HSE, constructed entirely from
human cell lines, provides an excellent opportunity for psoriasis research and testing new therapeutics.
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1. Introduction

Psoriasis is a chronic skin disease (Nickoloff et al.
2004). It is recognized as the most common autoim-
mune disease in man, with a prevalence of 2–4%
worldwide (Lowes et al. 2007). Despite recent advan-
ces made in psoriasis therapy, there is still no cure for
this disease. Analysis of multi-region patient surveys
by National Psoriasis Foundation (Krueger et al. 2001)
and European Union Federation of Psoriasis Associa-
tions (Salonen 2003), have revealed significant patient
dissatisfaction on existing therapeutic treatment
options. A major hurdle in development of treatments
for psoriasis patients is the absence of validated pre-
clinical models. Mouse disease models including
transgenic and knockout models of psoriasis remain
important for in vivo immunological experimentation in
psoriasis research. Nevertheless, human skin have
significant differences with mouse skin. The disease
pathogenesis of psoriasis in humans and its associated
clinical features are not fully represented in existing
mice models (Burkhardt and Zlotnik 2013). In vitro
experiments using monolayer human cell culture pre-
sent low relevance due to limited cellular interactions.
Human skin equivalents that are developed using tissue
engineering approach can overcome these issues by
using human cell lines and this would enable cell-cell
and cell-matrix interactions.
Commercially available skin equivalents are largely

derived from foreskin keratinocytes. They are highly
similar to normal skin and are used in a wide range of
biological studies including skin corrosion and irrita-
tion testing studies (Netzlaff et al. 2005). Epidermal
keratinocytes in the reconstituted skin model can be
obtained from normal individuals without history of
psoriasis and then induced with mixture of cytokines
and growth factors (e.g., IL-20, IL-22, oncostatin-M)
that would result in the development of phenotypic
characteristics that can mimic psoriatic epidermis
(Gazel et al. 2006; Chiricozzi et al. 2014; Pouliot et al.
2016). Most of the skin models available in the market
for pharmaceutical research contained the epidermis
layer only. These models can be enhanced through
addition of dermal layer containing fibroblasts. How-
ever, the quality of current human skin equivalents is
mostly based on the use of animal origin-based matri-
ces such as collagen extracted from rat tail or bovine
(El Ghalbzouri et al. 2009). Although animal origin-
based matrices allow for successful human skin
equivalent formation, the dermal layer do not possess
essential human extracellular matrix components such

as fibrin, proteoglycans, glycosaminoglycans and
lipids.
One of the research groups used human fibroblasts-

derived dermal matrices as a replacement for animal
origin-based collagen matrix in developing human skin
equivalents (Ahlfors and Billiar 2007). It has been
shown that human fibroblasts cultured at high density
are able to induce high ECM accumulation, fibrillar
fibronectin organization, actin stress fiber formation
(Kessler et al. 2001). The main stimulating additive in
these cultures is ascorbic acid, which promotes the
in vitro processing of pro-collagen to collagen a-
chains. The morphological, biochemical and physical
characteristics of the resulting fibroblast-derived der-
mal matrix are reported to be superior to those of
fibroblast-populated reconstituted ECMs (Grinnell
et al. 1989; Ishikawa et al. 1997; Berning et al. 2015).
In vitro or in vivo pathological models that faithfully
mimic psoriasis would be of significant help in the
research and development of new treatments.
Organotypic 3D skin models contained both epider-

mal and dermal layers supported by extracellular
matrices (Stark et al. 2004; Gangatirkar et al. 2007;
Lebonvallet et al. 2010; Reijnders et al. 2015). Addi-
tional cell types such as melanocytes, endothelial cells
and Langerhans cells can be added into the organotypic
skin models (Auxenfans et al. 2009). HaCat cell line is
an immortalized human-derived cell type which exhibit
low genetic variability compared to primary ker-
atinocytes. There are studies reporting that HaCat-
based skin models have deficiencies in generating
fullly stratified skin layers compared to primary ker-
atinocytes skin cultures (Boelsma et al. 1999; Schoop
et al. 1999; Maas-Szabowski 2003). Nevertheless,
recent studies have shown that optimal fibroblast con-
centrations and culture conditions would assist in the
development of fully differentiated HaCat-based
human skin equivalent. Thus, the aim of this study was
to generate a full thickness HaCat-based skin model
using the human FDM approach followed by con-
trolled induction of psoriasis-associated features
through incubation with specific pro-inflammatory
cytokines.

2. Materials and methods

2.1 Cell culture

HaCat cells (CLS Cell Lines Service, Germany) were
cultured in Dulbeco’s Modified Eagle Medium: High
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Glucose (DMEM:HG) (Bio-West, USA) supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin (Gibco, USA) while normal human der-
mal fibroblasts (NHDFs) obtained from Tissue Engi-
neering Centre (TEC) at University Kebangsaan
Malaysia Medical Centre (UKMMC) were cultured in
Dulbeco’s Modified Eagle Medium: Nutrient Mixture
F-12 (Gibco, USA) supplemented with 10%
Fetal bovine serum (FBS) and 1% penicillin-strepto-
mycin. Upon reaching confluency, the cells were
either subcultured or cryopreserved. Culture medium
was renewed twice per week. Cultures with
70–80% confluency were used for the construction of
HSEs.

2.2 Punch biopsy collection

For comparison of developed HSEs with native and
psoriatic skin, healthy and psoriatic skin punch biop-
sies were obtained from University Malaya Medical
Centre (UMMC). A total of ten volunteers for each
healthy (n = 5) and psoriatic skin (n = 5) sample were
collected. The punch biopsy skin samples were
obtained from the trunk body part of the healthy vol-
unteers and psoriasis patients. Specifically, punch
biopsies will be taken from the psoriatic patients
lesional plaques while normal healthy skin biopsy
samples will be collected as redundant tissue from
volunteers undergoing abdominoplasty surgery. Selec-
tion criteria for psoriasis skin donors are psoriasis
patients who are 18 years of age and above with pso-
riasis of at least 6 months duration. Patients who
received cyclosporine and/or systemic retinoids therapy
during the preceding one month are not selected. Pso-
riasis patients with moderate psoriasis: PASI score of
[10 to 20 and DLQI score of \10 are selected.
Informed consent from the patients and volunteers
were obtained. The skin punch biopsy collection pro-
tocol had been approved by University Malaya Medical
Centre and Taylor’s University Human Ethics Com-
mittee (MECID.NO: 201652451).

2.3 Construction of human skin equivalents

Dermal equivalents: The development of psoriatic
human skin equivalents (HSEs) investigated in this
study is illustrated in figure 1. Briefly, dermal equiva-
lents were constructed as described earlier (El Ghalb-
zouri et al. 2009). Collagen (Type I) (Corning, USA)

based dermal equivalents were constructed by first
adding 1 mL of acellular collagen matrix mixture (830
lL Type I Collagen (5mg/mL), 100 lL 109 MEM, 9
lL L-glutamine (200 mM), 31.2 lL sodium bicar-
bonate (71.2 mg/ml), 113 lL FBS) to the 12 well-
transwell plate with 0.4 um pore polyester membrane
inserts (Corning, USA) and was allowed to gel for 20
min at room temperature. A total of 3 mL cellular
collagen matrix (2.5 mL Type I Collagen (5mg/mL),
300 lL 109 MEM, 27 lL L-glutamine (200 mM), 93
lL sodium bicarbonate (71.2 mg/ml), 336 lL FBS, 275
lL NHDFs (4.09104) was added into each insert and
placed into the incubator for 30 min. After incubation,
1 mL of fibroblast growth medium was added to the
lower transwell and 200 lL directly onto the insert.
After 1 day of incubation, the medium was replaced
with fibroblast medium containing 50 lg/mL ascorbic
acid. Medium was changed every 2 days for 4 days
before seeding with keratinocytes. Meanwhile, for the
generation of fibroblasts-derived matrices, the inserts
for 12 well-transwell plate were first moistened with
100 lL of fibroblast growth medium for 10 min.
NHDFs were then seeded by adding 500 lL of the cell
suspension into the inserts (4.09104 cells per insert)
and 1 mL of fibroblast growth medium was added into
the lower transwell. After overnight incubation,
NHDFs were incubated for 21 days in DMEM:F12
supplemented with 50 lg/mL ascorbic acid. The
medium was changed every 2 days.
Human skin equivalents: Human skin equivalents

were generated by seeding 2.09105 HaCat cells onto
the FDMs and NHDF-seeded rat tail collagen matrices.
HaCat were allowed to properly attach onto the colla-
gen matrix for at least 15 min at room temperature and
another 60 min at 378C in the incubator. After that,
DMEM:HG was added gently to each well and insert
(1 mL into the well and 200 lL into the insert) and
allowed to incubate for 5 days while changing medium
every two days. The cultures were grown at air liquid
interface (ALI) for 14 days after the initial 5 days of
culturing submerged in medium by removing all
growth medium from both the well and inserts and then
adding 400uL of cornification medium (1:1 mixture of
DMEM:F12 and DMEM:HG supplemented with 5%
FBS, 1.8 mM Ca2?, and 50 lg/mL ascorbic acid) into
the well. On Day 10 of ALI, the collagen-based HSE
was incubated with a mixture of pro-inflammatory
cytokines: IL-1a (10 ng/mL), TNF- a (5 ng/mL), IL-6
(5 ng/mL), and IL-22 (20 ng/mL) for another 4 days.
To test the validity of the collagen based HSE model,
ATRA with a final concentration of 1 lM was added
into the cornification medium at Day 10 of ALI. At the
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end of 14 days of ALI, the collagen based HSE were
ready for harvest. A total of four independent FDM-
and rat tail collagen based HSEs were developed for
this study.

2.4 Tissue morphology and immunohistochemical
analyses

The collagen- and FDM-based HSEs were harvested
for morphological analysis. Culture media was dis-
carded from the culture plates and the HSEs were
gently washed with 1 mL PBS twice. The remaining
PBS was discarded. Then, 1 mL of 10% (v/v) neutral
buffered formalin (NBF) was added into the well and
the insert. The HSE was incubated with 10% NBF at
room temperature for 2 h. The transwell inserts were
gently dried by allowing the bottom layer of the
polyester membrane to sit on a piece of tissue. The tip
of the scalpel blade was used to gently run along the

circumference of the polyester membrane and it was
gently peeled from the insert. The peeled membrane
was placed on a piece of lens paper pre-wet with 70%
ethanol and was wrapped by placing another piece of
lens paper perpendicular to it. The wrapped HSE was
placed into a tissue processing cassette and submerged
in 70% ethanol until ready for processing. Meanwhile
the punch biopsies were also analysed for their tissue
morphology by fixing in 10% (v/v) buffered formalin
overnight before processing. Both punch biopsies and
in vitro HSEs were fixed, dehydrated and paraffin
embedded. Histological and immunohistochemical
staining were performed on 6 lm formalin-fixed
paraffin-embedded sections. Table 1 includes the list of
antibodies used in this study. DAB substrate (Envision,
Dako) was used to visualize the specific antibodies
staining. Photographs were captured using Nikon
microscope (connected to a digital camera equipped
with the NIS Elements AR version 2.10 software
(Nikon Instruments).

Figure 1. Schematic representation of the development of psoriatic human skin equivalents (HSEs) investigated in this
study. Human fibroblast-derived matrices are developed by culturing human fibroblasts for 3 weeks prior to seeding with
HaCat keratinocytes, while HSEs based on rat tail collagen are cultured only 1 week prior to seeding with keratinocytes.
After culturing the HSEs at air–liquid interface, a fully stratified epidermis is formed irrespective of the dermal matrix. The
developed HSEs were incubated with combination of cytokines (IL-1a (10 ng/mL), TNF- a (5 ng/mL), IL-6 (5 ng/mL), and
IL-22 (20 ng/mL) to induce psoriasis inflammatory phenotype. This model was further validated by testing the response of
cytokines-induced psoriatic HSEs with anti-psoriatic drug ATRA. The HSEs were characterized by histological and
immunohistochemical staining analysis. Data represented in this study were compared for the phenotypes of non-treated
HSEs, cytokines-induced HSEs, HSEs treated with ATRA only and cytokine-induced HSE co-incubated with 1 lM ATRA.
The data were also compared to punch biopsy samples obtained from healthy individuals and psoriatic patients.
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2.5 Quantitative real-time reverse-transcriptase–
PCR

Epidermis will be separated from the punch biopsies
and HSEs by dispase treatment. mRNA isolation,
subsequent complementary DNA generation, and
quantitative real-time reverse-transcriptase–PCR for
CK10, CK16, TNF-a, and IL-6 will be performed as
previously described (Jongh et al. 2005). Using the
comparative DDCt method and RPLP0 as reference
gene, relative mRNA expression levels will be calcu-
lated (Livak and Schmittgen 2001).

2.6 Protein determination by enzyme-linked
immunosorbent assay

Determination of human pro-collagen type I in the
culture medium of FDM- and collagen-based HSEs
were performed by enzyme-linked immunosorbent
assay (R&D systems). Culture medium of HSEs was
collected at each refreshment throughout the culture
period, starting from one week before seeding of ker-
atinocytes (-1), at keratinocytes seeding (0), 1 and 2
weeks after keratinocytes seeding. Measurements and
data analysis were performed according to the manu-
facturer’s procedure. The data is expressed as means
(ng/ml culture medium) ± SD of four independent
experiments performed in triplicates.

2.7 Ki67 proliferation index

The proliferation index was evaluated by counting the
number of Ki67-positive nuclei over the total number
of basal cells. A minimum of 100 cells were counted
(magnification 200x) at three different regions in each
section. The resulting data are expressed as the mean of
four independent experiments ± SD.

2.8 Statistics

Statistical analysis was performed with the aid of
Graph- Pad Prism, version 6 (GraphPad Software,
Inc.). Specific details of the statistic tests are mentioned
in the legends. Differences were considered significant
when p\ 0.05.

3. Results

3.1 HSEs resemble native human skin

Histological analysis demonstrated that the FDM-
based HSEs displayed morphological characteristics
similar to native human skin and were comparable to
rat tail collagen-based HSEs. The FDM-based HSEs
showed a well-defined epidermis on top of the multi-
layered fibroblasts. The epidermis consisted of a
stratum basale (SB), a thin layer of stratum spinosum
(SS), stratum granulosum (SG), and stratum corneum
(SC) in both FDM and rat tail collagen based HSEs
(figure 2). Considering that the dermal compartment
of FDM-based HSE is constructed using multilayered
fibroblasts grown to high density, it constitutes a
dense and compact layer compared to the fibroblasts
populated rat tail collagen dermal matrix. The rat tail
collagen-based HSEs however exhibit limited number
of supporting fibroblasts in the dermal compartment
as compared to FDM-based HSEs (annotated circles
with arrow indicated with ‘F’). The Ki67 prolifera-
tion index of the cells in the SB of non-treated FDM-
based HSEs (35.3% ± 4.3%, mean ± SD) was
comparable to the corresponding rat tail collagen-
based HSEs (32% ± 4.9%, mean ± SD) (figure 3)
and closely resembled the proliferation rate of native
skin (37.2% ± 4%, mean ± SD). Next, the protein
expression of epidermal differentiation markers was
examined. As in native skin, CK10 was expressed in
all suprabasal epidermal layers of the FDM and rat
tail collagen based HSEs (figure 4). Surprisingly, it
was shown that the hyperproliferation associated
marker CK16 was present in the SB of native skin,
suprabasal layers of FDM and rat tail collagen based
HSEs (figure 5). In conclusion, morphological char-
acterization shows that the HSEs constructed using
FDM closely resembles normal native human skin
and rat tail collagen based HSEs. A fully differenti-
ated epidermis is well formed on the multilayered
fibroblast dermal equivalent, which is very similar to
HSEs constructed from fibroblasts populated rat tail
dermal matrices.

Table 1. Primary antibodies used for immunohistochemical
staining

Antibody designation Dilution Concentration Source

Anti-Beta 2 Defensin
(ab63982)

1:500 2.0 lg/mL Abcam

Anti-Ki67 (ab15580) 1:600 1.0 lg/mL Abcam
Anti-Cytokeratin 10
(ab766318)

1:2000 0.5 lg/mL Abcam

Anti-Cytokeratin 16
(ab76416)

1:400 5.0 lg/mL Abcam
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Figure 2. Histological appearance of native and psoriasis skin punch biopsies as well as rat tail collagen and fibroblasts-
derived matrices based HaCat HSEs. Histology of native skin and the different HSEs is shown with hematoxylin and eosin
staining. Staining was performed on representative HSEs derived from four independent culture experiments. Scale bar
represents 100 lm. HSEs, human skin equivalents. A, Native skin; B, Psoriasis skin; C, Non-treated rat tail HSE; D,
Cytokines-induced rat tail collagen HSE; E, Rat tail collagen HSE treated with ATRA only; F, Co-incubation of cytokines-
induced rat tail collagen HSE with ATRA; G, Non-treated FDM-based HSE; H, Cytokines-induced FDM-based HSE; I,
FDM-based HSE treated with ATRA only; J, Co-incubation of cytokines-induced FDM-based HSE with ATRA; SB, stratum
basale; SS, stratum spinosum; SG, stratum granulosum; SC, stratum corneum.

Figure 3. Proliferation index marker Ki67 expression in (A) native and psoriasis skin punch biopsies as well as (B) rat tail
collagen and fibroblasts-derived matrices based HaCat HSEs. The percentage of Ki67-positive cells in these cultures was
determined by counting the number of Ki67-positive cells among the total number of basal cells. The resulting data are
expressed as the mean of four independent cultures ± SD. Statistical significance was determined by One-way ANOVA
followed by a Tukey’s test. * represents p\ 0.05 compared to healthy volunteers/non-treated HSE.
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Figure 4. Epidermal differentiation marker CK10 expression in native and psoriasis skin punch biopsies as well as rat tail
collagen and fibroblasts-derived matrices based HaCat HSEs. Immunohistochemical staining using antibody directed against
human CK10. Staining was performed on representative HSEs derived from four independent culture experiments. Scale bar
represents 100 lm. HSEs, human skin equivalents. A, Native skin; B, Psoriasis skin; C, Non-treated rat tail HSE; D,
Cytokines-induced rat tail collagen HSE; E, Rat tail collagen HSE treated with ATRA only; F, Co-incubation of cytokines-
induced rat tail collagen HSE with ATRA; G, Non-treated FDM-based HSE; H, Cytokines-induced FDM-based HSE; I,
FDM-based HSE treated with ATRA only; J, Co-incubation of cytokines-induced FDM-based HSE with ATRA.

Figure 5. Epidermal hyperproliferation marker CK16 expression in native and psoriasis skin punch biopsies as well as rat
tail collagen and fibroblasts-derived matrices based HaCat HSEs. Immunohistochemical staining using antibody directed
against human CK16. Staining was performed on representative HSEs derived from four independent culture experiments.
Scale bar represents 100 lm. HSEs, human skin equivalents. A, Native skin; B, Psoriasis skin; C, Non-treated rat tail HSE; D,
Cytokines-induced rat tail collagen HSE; E, Rat tail collagen HSE treated with ATRA only; F, Co-incubation of cytokines-
induced rat tail collagen HSE with ATRA; G, Non-treated FDM-based HSE; H, Cytokines-induced FDM-based HSE; I,
FDM-based HSE treated with ATRA only; J, Co-incubation of cytokines-induced FDM-based HSE with ATRA.
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3.2 Pro-collagen type I excretion in FDM-
and collagen-based HSEs

Pro-collagen type I was measured in culture medium
collected during the development of FDM- and colla-
gen-based HSEs. Measurements were performed one
week prior to HaCat seeding (-1), the week when
HaCat was seeded (0), one and two weeks after HaCat
seeding. A significant increase in pro-collagen type I
secretion was measured during the culture period (fig-
ure 6). Comparatively, FDM-based HSEs produce rel-
atively more pro-collagen than its collagen-based
counterpart, which may be contributed by the three
weeks of culture prior to HaCat seeding. The data
suggested that the FDM have produced sufficient pro-
collagen (300 ng/ml) to form a dermal equivalent on
which HaCat could be successfully seeded.

3.3 Cytokines combination mixture induce
aberrant differentiation and inflammatory features
in psoriatic skin

The effect of cytokine stimulation on FDM and colla-
gen based HSEs was investigated. In the cytokines
induced HSEs, aberrant differentiation and thickened
epidermal layer were demonstrated. The disorganized
epidermal layer in FDM-based HSEs displayed sig-
nificant thickened SS accompanied by parakeratosis

where nuclei were mostly preserved. The histological
features observed in cytokine induced FDM-based
HSEs were similar to psoriasis epidermis, suggesting
that the cytokines combination mixture is effective in
inducing the inflammatory phenotypic characteristics
(figure 2B). Rat tail collagen based HSEs however did
not exhibit similar characteristics under influence of the
same cytokine mixture. Incubation with the mixture of
pro-inflammatory induced slightly higher expression
levels of hBD2 protein (Supplementary Fig 1), which is
consistent with the characteristics exhibited in psoriatic
epidermis. Our results have also noted hBD2 staining
in the dermal layer which might be attributed to the
interaction between secreted hBD-2 and negatively
charged structures in the basal membranes.
To investigate effects of pro-inflammatory cytokines

on epidermal differentiation, the expression of differ-
entiation marker CK10 and hyperproliferation marker
CK16 were examined. Non-treated HSEs showed high
CK10 expression in the suprabasal layers (figure 4C
and G), whereas CK16 was expressed in the basal layer
(figure 5C and G). Stimulation of the constructs with
cytokines combinations did not affect CK10 expression
(figure 4D and H) while CK16 expression was slightly
increased (figure 5D and H). Similar observations were
noted in CK10 and CK16 mRNA expression for non-
treated and cytokines induced HSEs in both FDM- and
rat tail collagen based HSEs (figure 7B and D). Parallel
to the observation, pro-inflammatory cytokines TNF-a
and IL-6 mRNA expression is significantly induced in
cytokines induced FDM- and rat tail collagen based
HSEs (figure 8B and C), suggesting that the cytokines
combination mixture can stimulate inflammatory fea-
tures in reconstructed skin equivalents.
The Ki67 proliferation index of the cells in the SB of

cytokines-induced FDM-based HSEs (51.2% ± 4.3%,
mean ± SD) and cytokines-induced rat tail collagen-
based HSEs (51.1% ± 3.7%, mean ± SD) were sig-
nificantly higher compared to their non-treated coun-
terparts, comparable to Ki67 proliferation index in
psoriasis lesional skin (66.3% ± 1.3%, mean ± SD)
(figure 3).

3.4 Modulatory effects of ATRA on HSEs
and cytokines induced HSEs

The developed human skin equivalent models are
validated in this study. It is hypothesized that drugs
targeting the epidermal layer would show a therapeutic
effect. FDM- and collagen based HSEs were stimulated
the last 4 days of the air-liquid interface culture with

Figure 6. Quantification of pro-collagen type I secretion
into the culture medium of FDM and rat tail collagen-based
human skin equivalents (HSEs). Concentrations of pro-
collagen I in the culture medium were determined by ELISA
1 week prior to keratinocyte seeding (-1), at keratinocyte
seeding (0), 1 and 2 weeks after keratinocyte seeding. Bars
represent means ± SD of four independent experiments
performed in triplicates.
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the pro-inflammatory cytokine mixture in the presence
or absence of all-trans retinoic acid (ATRA), and their
histological characteristics and protein expression were
determined. ATRA was shown to suppress aberrant
differentiation as shown in cytokines induced HSEs
while treatment of HSEs with ATRA alone did not
affect the HSEs histological characteristics (figure 2E
and 2I). ATRA also suppressed expression of the nor-
mal differentiation marker CK10 (figure 4F and 4J) and
hyperproliferation marker CK16 expression (figure 5F
and 5J) in cytokines induced HSEs. Similar observa-
tions were noted in CK10 and CK16 mRNA expression
(figure 7B and 7C). ATRAwas also shown to suppress
cytokine induced inflammatory features in recon-
structed HSEs, with a significant reduction in TNF-a
and IL-6 mRNA expression (figure 8B and 8C).

Comparatively, treatment with ATRA alone did not
affect differentiation marker CK10 and hyperprolifer-
ation marker CK16 expression. It is however interest-
ing to note that ATRA alone can induce increase in
Ki67 proliferation index. This may be attributed to the
complexity of the effects that RA may have on epi-
dermis where it was shown to influence both positive
and negative regulators of proliferation (Lee et al.
2009; Törmä et al. 2014). Meanwhile, ATRA sup-
pressed hyperproliferation effects seen in cytokines
induced HSEs. In the presence of ATRA, the Ki67
proliferation index of the cells in the SB of cytokines-
induced FDM- (34.4% ± 4.3%, mean ± SD) and rat
tail collagen-based HSEs (30.8% ± 1.8%, mean ± SD)
were significantly reduced compared to their cytokines-
induced counterparts (figure 3).

Figure 7. Epidermal differentiation marker CK10 and hyperproliferation marker CK16 mRNA expression in (A and
C) native and psoriasis skin punch biopsies as well as (B and D) rat tail collagen and fibroblasts-derived matrices based
HaCat HSEs. Values represent means ± SD of four independent experiments performed in triplicates. Statistical significance
was determined by One-way ANOVA followed by a Tukey’s test where several experimental groups were compared to the
control group. * represents p\ 0.05 compared to native skin/ non-treated HSE.
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4. Discussion

The most commonly used dermal matrix is the collagen
matrix which can be derived from rat or bovine origin.
Animal origin-based collagen matrices however pos-
sess extremely high contractility which results in poor
epidermal homeostasis in vitro, therefore limiting its
use for long term studies. The degree of contraction
may be dependent on the concentration of collagen
matrix, fibroblasts concentration within the matrix, and
the culture time of the matrices prior to seeding of
keratinocytes (El Ghalbzouri et al. 2002). Natural
substrates such as de-epidermized dermis (DED) is
used as an alternative matrix to avoid contraction of the
dermal compartment. Its uncontrollable variation in
thickness for consistent experiments and short lifespan
render them unsuitable for long term studies. Recent

studies have shown that FDM supports development of
HSE and possessed extended lifespan for long term
studies (Grinnell et al. 1989; Ishikawa et al. 1997;
Ahlfors and Billiar 2007). It is reasoned that as the
FDM-based HSE microenvironment secreted by
human fibroblasts can influence epidermal proliferation
through releasing growth-promoting soluble factors.
Considering their potential benefits for development as
dermal matrix, this study elucidates the construction of
FDM-based HSEs with psoriasis-associated features
which can be used as an in vitro psoriasis skin model.
The FDM-based HSEs developed in this study pos-

sessed a well-defined epidermis on top of multilayered
fibroblasts. The epidermal layer display normal differ-
entiation profile as evident from the histological anal-
ysis. The FDM-based HSEs expressed early
differentiation marker K10 in all suprabasal cell layers

Figure 8. Inflammatory markers TNF-a and IL-6 mRNA expression in (A) native and psoriasis skin punch biopsies as well
as (B and C) rat tail collagen and fibroblasts-derived matrices based HaCat HSEs. Values represent means ± SD of four
independent experiments performed in triplicates. Statistical significance was determined by One-way ANOVA followed by a
Tukey’s test where several experimental groups were compared to the control group. * represents p\ 0.05 compared to
native skin/ non-treated HSE.
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indicating normal differentiation. In addition, their
proliferation index is similar to native skin. It is known
that FDM supports normal differentiation as ECM
proteins secreted by the multilayered fibroblasts (also
known as matricellular proteins) provide structural and
mechanical support, as well as modulating cell function
through direct interaction or regulating production of
soluble factors in the surrounding microenvironment,
and therefore affecting cell proliferation, differentiation
and migration (Jean et al. 2009). In addition, cells-
derived ECM has shown to possess superior biome-
chanical properties when compared to reconstituted
ECM such as fibroblast-populated collagen gel matri-
ces (Ahlfors and Billiar 2007). The highly stable col-
lagen fraction in FDM was thought to contribute to the
enhanced biomechanical properties. Considering that
FDM is developed using chemically defined culture
medium and possess stable biomechanical properties,
they may serve as a viable living tissue equivalent for
developing human skin equivalents.
Many reports have shown that HaCaT HSEs exhibit

deficiencies in epidermal differentiation and stratifica-
tion. Air-exposed HaCaT cultures exhibit immature or
‘‘wet’’ epithelia characteristics, where they are unable
to form fully differentiated cornified epithelium (Wil-
liams et al. 1988). Nevertheless, in vivo studies have
shown that HaCat can form stratified epithelia, indi-
cating that they have the capacity for full differentiation
(Boukamp et al. 1988; Smola et al. 1993; Breitkreutz
et al. 1998). There are studies reporting that ECM is
essential for maintaining homeostasis (Breitkreutz et al.
1997). It is postulated that low fibroblasts densities and
different culture medium conditions contribute to dif-
ferentiation deficiency in HaCat-based HSEs (Haake
and Polakowska 1993; Syrjanen et al. 1996; Stein-
strässer et al. 1997). The HSEs developed in this study
however demonstrate that both rat tail collagen- and
FDM-based HaCat-based HSE display multilayered
and differentiated epithelia, indicating that terminal
differentiation occurs irrespective of the type of sub-
strate. However, there are differences compared to
normal epidermal phenotype, where hyperplastic and
regenerating marker keratins CK16 are found in both
HSEs. In this study, it has been demonstrated that
HaCaT cells can form a differentiated epidermal layer
when grown as organotypic cultures in support from
the FDM- dermal compartment.
In this study, it is demonstrated psoriasis skin

equivalent model can be developed through induction
with a specific set of pro-inflammatory cytokines. Prior
studies indicated that pro-inflammatory cytokines

including IL-1a, TNF-, IL-22 and IL-6 can induce
expression of antimicrobial peptides (Uyemura et al.
1993; Ettehadi et al. 1994). This was in line with the
increased antimicrobial peptide hBD2 expression
observed in both rat tail collagen- and FDM-based
HaCat HSEs. Pro-inflammatory cytokine IL-6 have
direct effects on keratinocytes proliferation. Incubation
of human skin equivalents with TNF-and IL-1 on the
other hand indirectly affect proliferation via production
of IL-8 (Bonifati and Ameglio 1999). Indeed, signifi-
cant increase in Ki67 proliferation index was found in
cytokines induced HSEs, indicating that the cytokines
mixture can induce keratinocytes proliferation in this
psoriasis skin model. In addition, epidermal expression
of TNF-a and IL-6 were significantly increased in
cytokine mixture induced HSEs, indicating the feasi-
bility of using this combination cocktail for inducing
psoriatic features.
Cytokines-induced HSEs which represent the psori-

atic skin equivalent model was validated by testing the
effects of all-trans retinoic acid (ATRA). It has been
reported that retinoids induce terminal differentiation
and proliferation via nuclear retinoid receptors (Fuchs
and Green 1981; Heyman et al. 1992; Lee et al. 2009;
Törmä et al. 2014). Based on the results obtained,
hyperproliferation (CK16) and inflammatory cytokines
(TNF-a and IL-6) markers expression in rat tail colla-
gen and FDM-based HaCat HSEs were inhibited by
ATRA (Smits et al. 2017). In addition, ATRA inhibits
expression of the hBD-2 in cytokine-induced HSEs and
decreases Ki67 proliferation index. Our findings show
the possibility of using cytokines induced HSEs as
psoriasis in vitro model for drug testing.

5. Conclusion

The FDM-based HSEs present a characteristic tissue
engineered substitute that can be developed as psoriasis
skin model with representative aberrant differentiation
and inflammatory features, similar to psoriasis skin.
Thus, it has the potential to be an important tool to
study psoriasis skin physiology and testing for potential
therapeutics.
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