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Abstract

Keratinocytes are routinely subjected to both internal and external stimulation. This study investigates the effects of
interferon gamma, interleukin-4, tumor necrosis factor alpha, and the synthetic immunomodulator muramyl dipeptide on
the human keratinocyte cell line, HaCaT. Following HaCaT stimulation with cytokines or muramyl dipeptide for different
time periods, changes in the expression of different cell surface receptors, cell proliferation, and cell apoptosis were
evaluated by flow cytometry, tritiated thymidine uptake, and annexin-V staining, respectively. A significant decrease in the
expression of CD49d was found upon treatment with interleukin-4. Interferon gamma and tumor necrosis factor alpha
increased the expression of intercellular adhesion molecule | and major histocompatibility complex class |, whereas
major histocompatibility complex class |l and CD Ib were only upregulated by interferon gamma. Interferon gamma and
tumor necrosis factor alpha had opposite effects regarding CD 119 expression, with the former downregulating, while
the latter upregulating its expression. Of the stimuli tested, only interferon gamma and tumor necrosis factor alpha
significantly inhibited proliferation of HaCaT cells, yet only interferon gamma played a significant role in inducing HaCaT
cell apoptosis. Our data demonstrate differential effects of the three tested cytokines on keratinocytes and reveal that
the absence of HaCaT cell responses to muramyl dipeptide is associated with undetectable levels of its cytoplasmic
receptor, nucleotide-binding oligomerization domain—containing protein 2.
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but may also be integral in triggering the immune
response. Epidermal keratinocytes generally com-
mit to one of two pathways, differentiation or acti-
vation. In the normal healthy state, keratinocytes
undergo differentiation; it is only when these cells
are subjected to physical injury, stimulation, or an
internal pathological condition that they embark on
the alternative pathway of activation in an attempt
to maintain a balanced immune response.!> Once
activated, keratinocytes undergo a breadth of alter-
ations which encompasses, but is not limited to,
changes in the rate of proliferation, the production
of cytokines/chemokines, and the expression of
cell surface receptors.® Growth factors and
cytokines, produced by keratinocytes themselves
and/or the surrounding cells, are able to initiate the
activation process.* The variation of surface recep-
tors inherently expressed on keratinocytes trans-
lates to wide-ranging biological effects. In fact,
dysregulation and/or abnormal expression of
keratinocyte receptors has been correlated with the
pathogenesis of chronic inflammatory skin dis-
eases.”” The intercellular adhesion molecule 1
(ICAM-1/CD54) and the major histocompatibility
complex molecule (MHC II/HLA-DR) have weak
or no expression on the surface of resting keratino-
cytes; however, an elevation in the aforementioned
markers is considered a hallmark of activation.®?

Inflammatory skin diseases such as psoriasis
and atopic dermatitis (AD), while highly varied in
their respective, all involve the activation of
keratinocytes and the infiltration of T lymphocytes
through released cytokines that play a pivotal role
in guiding the immune response.!®!! The pro-
inflammatory cytokine interferon gamma (IFN-y),
a T-helper (Th) 1 cytokine, is considered the most
effective activator of keratinocytes since it modu-
lates the expression of a diverse number of mem-
brane receptors as well as the production of
cytokines and chemokines. IFN-y has been linked
to a number of skin diseases, namely, Thl domi-
nant, yet it has also been found to be present in the
late stages of chronic AD, a Th2 classified dis-
ease.'>13 Interleukin-4 (IL-4) and tumor necrosis
factor alpha (TNF-a) are also established activa-
tors of keratinocytes, however, to a lesser extent
than IFN-y.!14

IL-4 is a pleiotropic Th2-derived cytokine
amply expressed in chronic inflammatory skin
diseases.!*!> Keratinocytes express functional
IL-4 receptor, which shares a common subunit

with IL-13.1¢ IL-4 is known to play a key patho-
genic role in Th2-dominant diseases and, similar
to IL-13, was found capable of blocking the TNF-
o- or IFN-y-induced chemokine release in
keratinocytes.!” In the skin, TNF-a wields numer-
ous biological effects including an upregulation
in the expression of adhesion receptors in
keratinocytes,? as well as an increase in their pro-
duction of pro-inflammatory cytokines such as
IL-6, IL-8, and IL-1p.13

In addition to endogenous cytokines, immu-
nomodulators may be of exogenous origin. The
peptidoglycan derivative muramyl dipeptide
(MDP), a component of the cell wall of many
Gram-positive and Gram-negative bacteria, is one
such immunomodulator.!® MDP is recognized by
the cytosolic pathogen recognition receptor nucle-
otide-binding oligomerization domain 2 (NOD2/
CARDI15).20 MDP has been found to elicit adju-
vant activity through a variety of mechanisms
including increased expression of surface markers
essential for adhesion and antigen presentation as
well cytokine release.?! Since keratinocytes are
routinely exposed to commensal bacteria, it fol-
lows that they may be activated by exogenous
components like MDP, to aid in recognizing the
microorganisms.??

The HaCaT cell line is a well-established immor-
talized, non-tumorigenic cell line, used extensively
in dermatological research as an in vitro skin model
owing to its inherent phenotype, which closely
resembles that of normal human keratinocytes.??
HaCaT cells, similar to normal keratinocytes,
maintain their epidermal differentiation capacity
and reform a regularly structured and differentiated
epidermis when transplanted onto nude mice.?32
The goal of our study was to elucidate the influ-
ence of three cytokines (IFN-y, IL-4, and TNF-a)
and an exogenous immunomodulator (MDP) on
HaCaT cells from two perspectives: the expression
of three classes of cell surface receptors and the
regulation of cell proliferation/apoptosis.

Materials and methods

Antibodies for flow cytometry

The following mouse monoclonal anti-human anti-
bodies were used for flow cytometry experiments:
fluorescein  isothiocyanate (FITC)-conjugated
CDIb (clone M-T101), CD95 (clone DX2), and
HLA-DPDQDR (clone Tu39); PE-conjugated
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CD119 (clone GIR-208), CD124 (clone hIL4R-
M57),and CD132 (clone AG184); APC-conjugated
CDla (clone HI149), CD40 (clone 5C3), CD49d
(clone 9F10), and HLA-ABC (clone G46-2.6; BD
Biosciences, San Jose, CA, USA); FITC-
conjugated CD54 (clone RR1/1); PE-conjugated
CD147 (clone 8D12) (eBioscience, San Diego,
CA, USA). The following isotype-matched control
antibodies were also included in all experiments:
FITC-conjugated mouse IgG1 (clone MOPC-21),
IgG2a (clone G155-178); PE-conjugated mouse
IgG1l (clone MOPC-21); and APC-conjugated
mouse IgG1 (clone MOPC-21) (BD Biosciences).

Cell culture

The HaCaT immortalized human keratinocyte cell
line (kindly provided by Dr J Usta, Department of
Biochemistry and Molecular Genetics, American
University of Beirut, Lebanon) was cultured in
Dulbecco’s modified Eagle’s medium (DMEM;
Lonza, Slough, UK) supplemented with rL-glu-
tamine (Sigma-Aldrich, St. Louis, MO, USA),
penicillin—streptomycin (Sigma), sodium pyruvate
(Sigma), and 10% heat inactivated fetal bovine
serum (FBS; Sigma). Cells were maintained in a
humidified atmosphere at 37°C and 5% CO,. Cells
were passaged regularly with trypsin-EDTA
(Sigma) upon reaching 70%-80% confluence and
routinely checked for morphology. Cell viability
was determined using the standard trypan blue dye
exclusion method.

Immunophenotyping of HaCaT cells

HaCaT cells were seeded 1day prior to stimula-
tion at a density of 0.5 x 103 viable cells per 25 cm?
flask. The following day, cells were either left
unstimulated or stimulated with IFN-y (50 ng/mL;
R&D Systems, Abingdon, UK), IL-4, TNF-a
(50ng/mL; CellGenix, Freiburg, Germany), or
MDP (20 pg/mL; kindly provided by ISTAC-SA,
Lille, France) for 3, 24, 48, and 72h at 37°C in 5%
CO, in a humidified incubator, unless otherwise
mentioned. All stimulants were resuspended in
Dulbecco’s phosphate-buffered saline (DPBS). At
the end of each culture period, cells were washed
twice with DPBS and then detached with Accutase
solution (Gibco, Invitrogen, Karlsruhe, Germany).
HaCaT cell suspensions were washed twice with
staining buffer consisting of cell wash solution

(BD Biosciences) supplemented with 2% FBS. A
minimum of 1x10°cells/100 uL were incubated
with optimized concentrations of fluorochrome-
conjugated monoclonal antibodies for 30 min at
4°C in the dark. After washing with 2 mL staining
buffer at 300g for Smin, cells were fixed for
20min in 4% paraformaldehyde (Sigma). Cells
were washed again and resuspended in a final vol-
ume of 500 uL staining buffer to be then analyzed
on a FACSCalibur flow cytometer (BD
Biosciences). Flow cytometry data were analyzed
by CellQuest Pro software (BD Biosciences) and
for each sample, a minimum of 10,000 events
were recorded. The expression of cell surface
receptors was measured as total geometric mean
fluorescence intensity (MFI) and was presented in
histogram plots. Single color stained cells and
Calibrite beads (BD Biosciences) were used to
adjust fluorescence intensity and color compensa-
tion. An isotype control antibody was used for
each monoclonal antibody employed.

Proliferation assay

HaCaT cells were seeded, in quadruplets, in
96-well flat bottom plates (Corning, Tewksbury,
MA, USA) at a density of 10%cells/well and were
either left unstimulated or stimulated with IFN-y
(50 or 100 ng/mL), IL-4 (50 or 100 ng/mL), TNF-a
(50 or 100ng/mL), or MDP (20 pg/mL). Cultures
were maintained for 24, 48, and 72h at 37°C in
5% CO, in a humidified incubator. The cultures
were pulsed with tritiated thymidine (Perkin
Elmer, San Jose, CA, USA) at a concentration of
0.5 uCi/well for 18 h prior to cell harvesting. Cells
were then transferred onto glass fiber filter disks
(Connectorate AG, Dietikon, Switzerland) by
means of a cell harvester (Inotech Biotechnologies,
Basel, Switzerland) and the amount of incorpo-
rated radioactivity was measured in a liquid scin-
tillation counter (Packard). Unstimulated samples
served as a control. The radioactivity of incorpo-
rated tritiated thymidine was reported as counts
per minute (cpm) and results are represented as
mean cpm of quadruplicate wells.

Detection of apoptosis

Apoptosis was detected using the annexin V-FITC
apoptosis detection kit IT (BD Biosciences) follow-
ing the manufacture’s protocol. Briefly, cells were
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washed twice with cold DPBS then resuspended in
1x binding buffer at a concentration of 1 x 10°cells/
mL. A total of 100 uL of the cell suspension con-
taining 1x10°cells was incubated with SuL of
each annexin V-FITC and propidium iodide (PI)
for 15min at room temperature in the dark.
Following incubation, 400 uL of 1x binding buffer
was added to each sample and cells were analyzed
on a FACSCalibur flow cytometer within 30 min.
Unstained cells and single stained cells with either
annexin V-FITC or PI were used as controls. Cells
incubated at 70°C for 15min served as a positive
control for cell death, while cells treated with betu-
linic acid (16 ug/mL; Sigma) for 24h served as a
positive control for apoptosis induction.?

Detection of NOD2

The detection of NOD2 protein expression in
HaCaT cells was attempted by western blot using
either total cell lysate or immunoprecipitated
NOD?2. For protein extraction, cells were washed
twice with PBS, detached with Accutase solution,
and counted. The cell pellet was resuspended in
lysis buffer at a concentration of 10¢cells/50 uL of
lysis buffer supplemented with protease inhibitor
cocktail (Roche Diagnostics, Indianapolis, IN,
USA); the tube was left on ice for 20 min with peri-
odic vortexing. Lysates were then passed through a
21-gauge needle up to 10 times, followed by cen-
trifugation at 10,000g for 20 min at 4°C. The super-
natant was carefully transferred to a new tube and
the concentration was determined by DC Protein
Assay Kit (Bio-Rad, Hercules, CA, USA). For
western blot detection, a range (5-50 nug) of HaCaT
total protein lysate was resolved on 4%—-10%
sodium dodecyl sulfate (SDS) Tris-glycine gels.
Proteins were transferred onto a protran-nitrocellu-
lose membrane (GE Healthcare Life Sciences,
Freiburg, Gemany), blocked in tris-buffered saline
(TBS) containing 5% bovine serum albumin (BSA;
Sigma) and 0.05% Tween 20 (Sigma) for 1.5h, and
incubated overnight in TBS containing 1% BSA,
0.05% Tween 20, and 0.25 pg/mL of anti-NOD2
mouse monoclonal antibody (clone NOD-15) or its
matching isotype control (BioLegend, San Diego,
CA, USA). The membrane was washed six times in
TBS with 0.1% Tween 20 and incubated for 1h in
1% BSA containing 1:20,000 rabbit anti-mouse
IgG horseradish peroxidase conjugate (Santa Cruz
Biotechnology, Dallas, TX, USA). The membrane

was washed once again and incubated for 5min
with chemiluminescent peroxidase substrate (GE
Healthcare Life Sciences) and detected on film (GE
Healthcare Life Sciences). For immunoprecipita-
tion, protein extracts from 2 or 3 x 10® HaCaT cells
were precipitated with 3-uL. NOD2-specific rabbit
anti-serum (Cayman Chemical, Ann Arbor, MI,
USA) or NOD2-specific mouse monoclonal anti-
body (BioLegend) using Protein G immunoprecipi-
tation kit (Roche Diagnostics), following the
manufacturer’s instructions. Immunoprecipitated
proteins were resolved by western blot analysis and
probed using 3:10,000 of rabbit NOD2 anti-serum
(Cayman Chemical) or 5 pg/mL mouse monoclonal
antibody (BioLegend). RAW 264.7 total cell lysate
(Santa Cruz Biotechnology) was used as a positive
control for NOD2 detection.

Statistical analysis

Data are presented as mean=standard error of
the mean (SEM) from, at least, three independ-
ent experiments. Statistical analyses were per-
formed with GraphPad Prism software (version
6) using Student’s t-test for unpaired samples.
Differences were considered statistically signifi-
cant at P values <0.05.

Results

Cell surface receptor expression on HaCaT
cells following stimulation with IFN-y, IL-4,
TNF-c, or MDP

The effect of IFN-y, IL-4, TNF-a, and MDP on the
phenotype of HaCaT cells was evaluated through
the analysis of the variations in expression of a bat-
tery of cell surface receptors after stimulation with
the above-mentioned immunomodulators at four
time points: 3, 24, 48, and 72 h. The employed con-
centrations of the immunomodulators are adopted
from previous, well-established, and optimized
protocols.?’-2° The chosen panel of receptors fall
under three categories: adhesion, antigen presenta-
tion, and cytokine receptors. A representative flow
cytometry chart of the MFI for three receptors,
before and after stimulation, is shown in Figure 1.
In the absence of stimulation, HaCaT cells
expressed low to moderate levels of the two adhe-
sion receptors tested, CD49d and CD54 (ICAM-1).
Stimulation with IL-4 notably decreased the level
of CD49d below baseline expression, while IFN-y,
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Figure |. Representative flow cytometry histogram plots displaying changes in the expression of CD54, CD95, and CD1 19 on

HaCaT cells 48 h post-stimulation, with cytokines or MDP.
Unstim: unstimulated.

TNF-0, and MDP did not trigger a significant vari-
ation (Figure 2). The level of expression of CD49d
began to decrease in response to stimulation with
IL-4 at 24h with a 1.5-fold decrease eventually
leading to a complete loss of its expression at 72 h.
In contrast, the expression of ICAM-1 on HaCaT

cells increased in response to stimulation with
IFN-y or TNF-a at all four time points tested, with
IFN-y being the more potent inducer. A maximum
increase in ICAM-1 expression was achieved at
48-h stimulation with IFN-y or TNF-a (*P<0.05).
However, while IFN-y led to a staggering 58-fold
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Figure 2. Modulation of surface receptors on HaCaT cells following stimulation with IFN-y, IL-4, TNF-a,, or MDP. Unstimulated
cells served as a control. Expression of surface receptors was determined by flow cytometry at 3, 24, 48, and 72 h post-stimulation
with 50 ng/mL of each cytokine or 20 ug/mL of MDP. The data shown are representative of three independent experiments (n=3),
values are reported as mean of the total geometric mean fluorescent intensity (MFI) £ SEM. Statistically significant differences were
determined by Student’s t-test for unpaired samples (*P<0.05 vs unstimulated cells).

increase in ICAM-1 level, TNF-a trailed behind
with a significantly lower (*P<0.05) 17-fold
increase in expression. In contrast, IL-4 and MDP
did not significantly affect the level of ICAM-1
expression. Among the antigen presentation recep-
tors analyzed, only IFN-y brought forth a signifi-
cant increase (*P<0.05) in the expression of
CD1b, at 48 and 72h. The expression levels of
MHC I and MHC II were also significantly ele-
vated (*P<0.05) upon stimulation with IFN-y
starting at 24 h (Figure 2). MHC I was upregulated

by TNF-a at 48 and 72 h, but not at 24 h (Figure 2).
The effect of TNF-a was significantly lower
(*P<0.05) than that of IFN-y, reaching a maxi-
mum of 1.6-fold increase as opposed to a 2.2-fold
increase in expression induced by IFN-y at 72h.
IL-4, TNF-a, and MDP had no detectable effect on
resting levels of CD1b and MHC II. With regard to
the cytokine receptors tested, the expression of
CD95 (FAS receptor) was elevated by IFN-y and
IL-4 at 24, 48, and 72h and by TNF-a at 48 and
72h (Figure 2). At 48h, a significant difference
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Table I. Surface receptors that were either not induced or

did not display a significant variation in expression on HaCaT

cells following stimulation with IFN-y, IL-4, or TNF-a at 3, 24,
48, and 72 h.

Surface receptor expression on HaCaT Cells (MFI)

CDla CD40 CDI24 CDI147
3h
Unstim 0+0 0.2+0.1 02+0 253+36
IFN-y 0+0 0.1+0.1 0+0 250+41
IL-4 0.1+0 0.1+0.1 0+0 261 +49
TNF-a 0+0 0.1%0.1 0+0 250+45
24h
Unstim 0.1£0.1 0.3+0.1 0+0 282+44
IFN-y 0.3+0.1 0.6+0.2 0+0 203+29
IL-4 00 0.1£0.1 00 274142
TNF-a 0210 0.5+0.1 00 250+28
48h
Unstim 0£0 0.1£0.1 00 25115
IFN-y 0.3£0.1 05+0.2 0+0 197 +31
IL-4 0+0 0+0 0+0 245+3
TNF-a 0.1+0 0.3+0 0+0 216+ 15
72h
Unstim 0+0 0+0 0+0 185+9
IFN-y 0+0 0.1+0.1 0+0 149+ |5
IL-4 0+0 0+0 0+0 162+5
TNF-a 0+0 00 00 167 £5

IFN-y: interferon gamma; IL-4: interleukin-4; TNF-ai: tumor necrosis
factor alpha; SEM: standard error of the mean.

Unstimulated cells (Unstim) served as a control. Data are expressed
as mean = SEM (n=3) of the total geometric mean fluorescent intensity
(MFI) in logU.

(*P<0.05) between the effects of IFN-y (2.2-fold
increase) and TNF-a (1.5-fold increase) was pre-
sent. CD119 expression on HaCaT cells was sig-
nificantly reduced by IFN-y at 24, 48, and 72h. In
contrast, TNF-a significantly increased the level of
CD119 at 24, 48, and 72 h, with a maximum of 2.7-
fold induction at 72 h (Figure 2). IL-4, TNF-0, and
MDP had no detectable effect on resting levels of
CD132 on HaCaT cells, while IFN-y resulted in a
significant increase in expression of CD132 at 48
and 72h. Additional receptors (CDla, CDA40,
CD124, and CD147) were also tested under the
same conditions, yet all exhibited no significant
variation in expression in response to any of the
three tested cytokines (Table 1).

IFN-y and TNF-« inhibit proliferation of HaCaT
cells

In parallel to the evaluation of receptor expression,
the proliferative response of HaCaT cells to the

same set of stimulants was also conducted. Cells
were seeded at an appropriate density to maintain
an exponential growth state throughout the experi-
ment, and proliferation was monitored after 24, 48,
and 72 h post-stimulation with IFN-y, IL-4, TNF-q,
or MDP (Figure 3(a)). Both IFN-y and TNF-a
proved to be substantial inhibitors of HaCaT cell
proliferation. The effect of IFN-y started at 24h
with a significant 36% inhibition (*P<0.05),
remaining stable at 72h with a 39% inhibition of
proliferation (*P<0.05) (Figure 3). The inhibitory
effect of TNF-a on HaCaT proliferation was high-
est at 24h, with a 48% inhibition, decreasing to
23% at 48h and eventually plateauing at 72h.
Stimulation with IL-4 or MDP did not yield a sig-
nificant influence on the proliferative rate of
HaCaT cells. A similar pattern of inhibition was
observed when a higher concentration (100 ng/mL)
of the cytokines was tested (Figure 3(b)).

IFN-y, but not TNF-«, induces apoptosis in
HaCaT cells

To analyze whether the decrease in the rate prolif-
eration of HaCaT cells upon treatment with IFN-y
or TNF-a could be correlated with an increase in
cell death, an apoptosis assay was performed
(Figure 4(a) and (b)). Cells that stained
PI"Annexin®, PI"Annexin*, and PI* Annexin~ were
considered as early apoptotic cells, late apoptotic
cells, and necrotic cells, respectively. As expected,
IL-4 did not induce apoptosis in HaCaT cells. On
its own, IFN-y was shown to induce early as well
as late stage apoptosis at 48 and 72 h. A maximum
increase in the percentage of late apoptotic cells
was reached at 72 h with 43%. At 48 h, TNF-a was
shown to induce a modest but significant increase
(*P<0.05) in late stage apoptosis, reaching 15%.
This increase, however, was fleeting and did not
carry on to 72h, suggesting other mechanisms at
work behind the inhibition of proliferation (Figure

4(a) and (b)).

NOD2 protein is undetectable in HaCaT cells

In an effort to explain the unresponsiveness of
HaCaT cells to stimulation with MDP, the expres-
sion of NOD?2 protein was evaluated. Total HaCaT
protein lysate was found to be negative for NOD2
expression at 25 and 50pg when probed with a
mouse monoclonal antibody. To verify whether
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Figure 3. Regulation of [3H] thymidine uptake by HaCaT
cells following stimulation with IFN-y, IL-4, TNF-a,, or MDP.
HaCaT cells were stimulated with (a) 50 ng/mL of each
cytokine and 20 pg/mL MDP or (b) 100 ng/mL of each cytokine
for 24, 48, and 72 h. Unstimulated cells served as a control.
Data are reported as counts per minute (cpm) of tritiated
thymidine uptake. The data shown are from three independent
experiments. All values are reported as mean + SEM.
Statistically significant differences were determined by Student’s
t-test for unpaired samples (*P<0.05 vs unstimulated cells).

NOD?2 protein expression is in fact absent in HaCaT
cells, we moved on to perform immunoprecipitation
using a protocol described wherein NOD2 protein
expression in primary keratinocytes was detected.3°
To begin, 2 and 3 x 10¢ HaCaT cells were immuno-
precipitated with NOD?2 rabbit polyclonal antibody
in accordance with the previously published data. A
single band was observed at 63kDa, yet no band
was detected at the expected 110kDa (Figure 5(a)).
The membrane was stripped and re-probed with the
mouse monoclonal antibody, yet no bands were
observed (Figure 5(b)). We achieved similar results
when using a monoclonal antibody for immunopre-
cipitation (Figure 5(c)). These observations strongly
suggest that HaCaT cells do not express detectable
levels of NOD2 protein.

Discussion

Serving as an interface between the body and its
external surroundings, the skin is constantly

subjected to dynamic stimulation. In this article,
we chose to expand on previous studies by exam-
ining the activation of keratinocytes from two
angles: modulation of cell surface receptors and
changes in proliferation/apoptosis. To our knowl-
edge, this study is the first to investigate the effects
of MDP on HaCaT cells from this perspective. We
found that HaCaT keratinocytes did not respond to
treatment with MDP which is known to exert its
effects by binding to the cytoplasmic receptor
NOD2.29 While generally expressed in antigen-
presenting cells such as monocytes and mac-
rophages,3! NOD2 expression has also been found
in other cells.3? Since the precise role of NOD2 in
keratinocytes is still up for debate, we hypothe-
sized that the lack of NOD2 expression in HaCaT
cells could be the reason behind our failure to
obtain a significant response upon stimulation
with MDP. NOD2 transcripts have been detected
in HaCaT cells,?? yet to our knowledge no studies
have been done at the protein level. Our attempts
to detect NOD2 protein expression in HaCaT cells
via western blot analysis were not successful.
However, a previous study on primary keratino-
cytes had reported both gene and protein expres-
sion of NOD2, with an accompanied response
following stimulation with MDP.3? Following the
same immunoprecipitation protocol described,
and through the use of the same polyclonal anti-
serum, we were still unable to detect NOD2 pro-
tein expression in HaCaT cell lysate. This leads us
to believe that HaCaT cells do not express NOD2
protein or express it at a low level that is undetect-
able by the aforementioned techniques. While this
ambiguity prevails, we cannot rule out the absence
of functional NOD2 in HaCaT cells as the reason
behind the lack of response to MDP. Alternatively,
the culprit may lie downstream.

[FN-y, IL-4, and TNF-a stimulate resident skin
cells to produce chemokines and membrane mol-
ecules that play an important role in the inflamma-
tory response, including the retention and
activation of T cells. Integrins mediate interaction
of cells with the extracellular matrix (ECM) and
have also been suggested to mediate interaction
among cells themselves. The expression of spe-
cific B1 integrins in keratinocytes has been shown
to be affected by IFN-y, TNF-a, and transforming
growth factor (TGF)-B.3* To date, no study has
evaluated the effect of IFN-y, IL-4, or TNF-a on
the surface expression of CD49d (a4 integrin) in
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Figure 4. Cytokine-induced apoptosis in HaCaT cells. HaCaT cells were either left unstimulated or stimulated with IFN-y, IL-4,

or TNF-a at a concentration of 50 ng/mL for 24, 48, and 72 h and apoptosis was determined by annexin V/propidium iodide (PI)
staining following the previously indicated stimulation periods. Betulinic acid (BA) was used as a positive control for apoptosis
induction. (a) Representative flow cytometry dot plots demonstrating the change in the rate of apoptosis in response to the
above-mentioned stimulants. Numbers within the lower right quadrant indicate the percentage of early apoptotic cells, whereas the
numbers in the upper right quadrant refer to late apoptotic cells. (b) Changes in the percentage of early (PI/Annexin*) and late
(PI*/Annexin*) apoptotic cells. Bars indicate the mean of three independent experiments + SEM. Statistically significant differences
were determined by Student’s t-test for unpaired samples (*P<0.05 vs unstimulated cells).

HaCaT cells. CD49d associates with either integ-
rin B1 or B7 chain and is known to play a critical
role in lymphocyte development, in providing
mechanical support for cell adhesion, in acting as
signaling receptor, and in mediating leukocyte
trafficking and activation.’> Despite extensive
studies describing the role of other a integrins in
regulating the migration, proliferation, and

differentiation of epidermal cells,?¢ very little is
known about the level and relevance of CD49d
expression in keratinocytes.?’ Increased expres-
sion of multiple a integrins, including CD49d, had
been reported following treatment of primary
keratinocytes with a mixture of sugar and PI,
known to accelerate the healing of cutaneous
wounds.>’” On the contrary, treatment of HaCaT
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Figure 5. NOD?2 expression in HaCaT cells. (a) Total cell lysates from 2 x |06 (lane |) and 3 % 10¢ (lane 2) HaCaT cells were
immunoprecipitated with NOD2-specific rabbit anti-serum and detected by western blot using the same rabbit NOD?2 anti-serum.
(b) Membrane in Figure 2(a) was stripped and re-probed with mouse monoclonal NOD?2 antibody or its isotype control antibody
(Iso). (c) HaCaT total cell lysates were immunoprecipitated with mouse monoclonal NOD?2 antibody or its isotype control antibody
and detected with NOD2-specific rabbit anti-serum. (d) NOD?2 detection in RAW 264.7 total cell lysate (positive control), using

mouse monoclonal NOD?2 antibody or its Iso.

keratinocytes with non-thermal atmospheric-pres-
sure plasma was found to upregulate the surface
expression of several a-integrins but not that of
a4.3 Our findings on the absence of effect on
CD49d expression in HaCaT cells by IFN-y or
TNF-a, and the dramatic decrease or even the
absence of constitutive expression induced by IL-4
stimulation, may represent an additional marker of
the differences in keratinocyte responses to Thl
and Th2 cytokines.’® Alternatively, the IL-4-
mediated inhibition of CD49d expression in HaCaT
keratinocytes could be a mechanism to downregu-
late leukocyte adhesion to keratinocytes to control
the inflammatory process, since CD49d is known
to play a critical role in leukocyte adhesion to other
cell types.*® This phenomenon may also reflect a
mechanism by which the keratinocyte response to
locally released IL-4 attempts to control excessive
inflammatory processes such as AD.

The infiltration of lymphocytes into the points
of inflammation is partly mediated by CD54
(ICAM-1), one of the ligands for lymphocyte func-
tion—associated antigen 1 (LFA-1).*! Both primary
cultured keratinocytes and HaCaT cells have
shown weak to no constitutive expression of
ICAM-1, which is in agreement with our
results. #4243 Nevertheless, an upregulation in the
expression of [CAM-1 is observed in skin keratino-
cytes and endothelial cells during inflammation,
ultimately elevating epidermal trafficking of T
lymphocytes and extending the inflammatory
response.®* Upon stimulation with IFN-y, we
detected a significant upregulation of ICAM-1

expression at 24h that persisted till 72h. Our
results are validated by numerous studies con-
ducted on both primary keratinocytes and HaCaT
cells, demonstrating that IFN-y on its own is able
toinduce highICAM-1 surface expression. 42434546
Furthermore, we also detected a significant increase
in ICAM-1expression starting 24 h after treatment
with TNF-a. This particular effect contradicts pre-
vious studies done on cultured keratinocytes which
reported that, on its own, TNF-a evokes either no
change*’” or a weak increase in ICAM-1 expres-
sion.®144248 This discrepancy might be explained
by an indirect effect involving TNF-a induction of
IL-33 release by keratinocytes**-** and subsequent
upregulation of ICAM-1 expression by 1L-33.5152
However, IL-4 did not significantly affect the
expression of ICAM-1 in our study, which is in line
with studies conducted on primary keratino-
cytes.!63 A single study; however, did report that
IL-4 downregulates ICAM-1 expression at 48h in
HaCaT cells,® contrary to all other reported find-
ings and to our results.

In humans, a debate exists as to whether acti-
vated keratinocytes can effectively process and
present antigens. The inherent expression of MHC
I and the induced expression of MHC II upon acti-
vation with IFN-y lends support in favor of this
theory, yet the low expression of the co-stimula-
tory receptors CD80/86 casts doubt.>* In our study,
the level of expression of MHC I was upregulated
from its basal state upon stimulation with either
IFN-y or TNF-a, but not with IL-4. A previously
conducted report on primary keratinocytes
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demonstrated an increase in MHC I expression
upon stimulation with IFN-y, yet in contrast to
what we have obtained, TNF-o on its own was not
able to elicit a significant response.!# Upon stimu-
lation with IFN-y, we observed an induction of
MHC II expression. Normal human keratinocytes
generally do not express MHC II receptor, yet
expression could be induced, a phenomenon
known to arise in numerous skin disorders.*?
Induction of MHC II has been accredited to IFN-y
released by infiltrating T cells.>> Our results relat-
ing to INF-y are in accordance with numerous
studies conducted on cultured keratinocytes as
well as HaCaT cells.>*¢ Similar to previous stud-
ies done on primary keratinocytes, we did not
observe a significant effect on the expression of
MHC II when HaCaT cells were treated with
either TNF-o or 1L-4.8164253 The functional sig-
nificance of induced MHC II receptor on keratino-
cytes following activation by IFN-y is still unclear.
Nevertheless, the possibility of peptide presenta-
tion by MHC Il-—positive keratinocytes to epitope-
specific CD4" T cells may occur in a comparable
fashion to the reported MHC I-mediated keratino-
cyte presentation of peptides to CD8* T cells.*

The expression of CD1b on HaCaT cells was
low and increased significantly at 48 and 72 h fol-
lowing stimulation with IFN-y. CD1b is a member
of the CDI1 family of transmembrane glycopro-
teins, which are remotely related to the MHC
receptors and are involved in presenting lipids and
glycolipids.’” Very few studies have been con-
ducted on the expression of CDIb in keratino-
cytes. Primary keratinocytes have been shown to
lack CDla expression,”® similar to what we
observed in HaCaT cells. In oral epithelium, no
CDI1b* cells were found, while expression of
CDla" keratinocytes was only present in sites of
inflammation.’® Our detected increase in CD1b
expression, following stimulation with IFN-y,
raises the possibility that presentation of lipids and
glycolipids by keratinocytes may take place dur-
ing states of inflammation.

The IFN-yR/CD119 is abundantly found on both
epidermal keratinocytes and on HaCaT cells,*3:45-60
and it is necessary for IFN-y to exert its biological
effects. Skin biopsies from patients with psoriasis
maintained positive staining for the IFN-y receptors,
yet with altered localization.®® In our study, CD119
was significantly downregulated by IFN-y at 24, 48,
and 72 h, whereas it was upregulated by TNF-a. The

observed decrease in expression of CD119 follow-
ing stimulation with its corresponding cytokine may
result from endocytosis of the complex or by shed-
ding of the receptor. Future studies would be
required to validate this hypothesis. No studies have
so far been conducted on the effect of TNF-a on
CDI119. The accompanied upregulation we observed
could explain the synergistic effect TNF-a has been
shown to have on IFN-y activity. TNF-a possibly
enhances the effect of IFN-y to further activate
keratinocytes through the expression of certain
receptors, ultimately leading to a positive feedback
of the inflammatory response. Indeed, previous
reports have indicated that TNF-a synergies with
IFN-y to enhance the expression of I[CAM-1 and
MHC I in cultured keratinocytes.®4>48 IL-4 had no
effect on CD119 receptor expression, which is con-
sistent with previous findings.!4

IL-4 receptors fall under two types composed of
either IL-4Ra (CD124) associated with the com-
mon gamma chain (yc), CD132, which binds to
IL-4, or CD124 associated with IL-13Ral chain
which binds to both IL-4 and IL-13.°! We found
that the expression of CD124 and CD132 on
HaCaT cells to be constitutively absent or low.
Conflicting data exists regarding the expression
of CD124 in keratinocytes. In a study on HaCaT
cells, both immunoblot and polymerase chain reac-
tion (PCR) analysis revealed no expression of
CD124.92 On the contrary, a study on freshly iso-
lated and cultured keratinocytes demonstrated
the expression of CD124 at the messenger RNA
(mRNA) as well as the protein level.!643-63 The low
basal expression of CD132 on HaCaT cells was
increased significantly after 48h of stimulation
with IFN-y. While typically expressed on lympho-
cytes, keratinocytes have occasionally been found
to express CD132,% yet this expression is quite
inconsistent.>% A study carried out on HaCaT
cells has demonstrated their lack of CD132 expres-
sion. Moreover, HaCat cell stimulation with 1L-4
did not affect their level of CD124 expression.®?
The HaCaT response we have seen with IL-4
regarding CD49d and CD95 expression may there-
fore be unrelated to CD124 and CD132, since both
receptors were neither expressed nor regulated by
IL-4. On the contrary, the significant increase in
CD132 expression may constitute a basis for the
previously reported synergy between IL-4 and
IFN-y. Combined stimulation with IL-4 and IFN-y
enhanced the expression of ICAM-1 and MHC II
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in cultured keratinocytes and HaCaT cells.!4>3
This synergy appears to be independent of CD124,
since it has been previously reported that IFN-y
selectively reduces IL-4R expression in cultured
keratinocytes, a mechanism by which IFN-y may
limit the effects of 1L-4.14

It has been proposed that IFN-y sensitizes
keratinocytes for CD95 (Fas)-induced apoptosis by
upregulating the Fas receptor, thus allowing Fas to
transduce an apoptotic signal.®’ Others have sug-
gested that while Fas ligand (FasL) has a synergistic
effect on IFN-y-induced apoptosis, the observed
apoptosis is not a secondary occurrence due to
FasFasL interaction.®® The constitutive expression
of Fas which we observed on HaCaT cells agrees
with previous reports.” Interestingly, stimulation
with [FN-y, TNF-a, or IL-4 all significantly increased
Fas expression. Yet, only [IFN-y (and TNF-a, to a cer-
tain extent) induced apoptosis of HaCaT cells, sug-
gesting that factors other than Fas-mediated apoptosis
may be implicated in our detected increase in apop-
tosis. In keeping with our findings, Fas mRNA, but
not FasL, was reported to be expressed in primary
keratinocytes and upregulated in the presence of
IFN-y. When treated with IFN-y, but not with TNF-a
or IL-4, keratinocytes were efficiently killed.®® In
HaCaT-T cell 48-h co-cultures, surface Fas levels
increased on HaCaT cells. This effect was attributed
to elevated levels of IFN-y in the co-cultures.
Moreover, enhanced Fas expression on HaCaT cells
was associated with induction of apoptosis.”

We investigated the effect of IFN-y, IL-4, and
TNF-o on HaCaT cell proliferation and apoptosis.
Although the anti-proliferative effect of [FN-y was
also accompanied by an induction of apoptosis, the
same was not observed with TNF-a. A significant
inhibition of proliferation was observed as early as
24 h post treatment with IFN-y, yet apoptosis only
became evident after 48 h of stimulation. Therefore,
the inhibition of proliferation by IFN-y could be
only partly explained by an accompanied induction
of apoptosis. The anti-proliferative and growth
arrest effects of IFN-y have been previously stud-
ied on cultured keratinocytes’!-’> and on HaCaT
cells.”>7* In fact, in HaCaT cells, IFN-y was shown
to be the main mediator of apoptosis; with apopto-
sis initiated 48-h post-treatment, which is in agree-
ment with our results.® It should be noted, however,
that HaCaT cells possess a mutation in both p53
alleles, which has been linked to a heightened
apoptotic response to IFN-y.7?

With respect to TNF-a, we could not find a direct
correlation between the observed inhibition of pro-
liferation and apoptosis. At 48 h, TNF-a stimulation
of HaCaT cells significantly induced apoptosis, yet
this effect was not preserved at 72h. Conflicting
data exists regarding the ability of TNF-a to induce
apoptosis. In one study, TNF-a on its own was not
sufficient in inducing apoptosis in HaCaT cells, but
when combined with IFN-y, it enhanced the effect
of the latter and induced autocrine TNF-o produc-
tion.%® However, in another study, TNF-o was found
to induce apoptosis in HaCaT cells.” Still, other
studies have shown that TNF-a induces apoptosis in
HaCaT cells only when previously sensitized with
cycloheximide’ or when combined with TNF-
related apoptosis-inducing ligand (TRAIL).”” TNF-
o was also reported to induce cytotoxic effects on
cultured keratinocytes in a time- and concentration-
dependent fashion, with the effects being observed
only at periods longer than 96 h.”8 This might explain
why we did not observe a measurable effect of TNF-
o on apoptosis induction at the 24 and 72h, with
only a small non-sustained effect at the 48-h period.

In conclusion, our data on the differences in the
effects of [FN-y, IL-4, and TNF-a on keratinocyte
receptor expression, proliferation, and apoptosis
induction support and extend previous reports and
could pave the way for selected cytokine therapy in
different skin pathologies. Moreover, the lack of
responses of HaCaT keratinocytes to the synthetic
immunomodulator MDP was found to be associated
with undetectable levels of NOD2 protein in HaCaT
cells. To overcome the limitations of our study,
future studies are planned to evaluate and compare
the effects of the three tested cytokines and MDP on
primary human keratinocytes and on additional
human keratinocyte cell lines, an approach which
could reveal differences in cell responsiveness to
stimulation with IFN-y, IL-4, TNF-a, or MDP.
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