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Summary

Background Cold atmospheric plasma (CAP) has shown promise for wound heal-
ing, although little is understood of the underpinning mechanisms. Little has
been reported so far of its potential use in the treatment of immune-mediated
diseases such as psoriasis.

Objectives To study CAP-induced cell death and cytokine release in human ker-
atinocytes as a first assessment of possible CAP use for psoriasis.

Methods Using a CAP generator free of energetic ions, we observed its effects on
keratinocytes in terms of morphology, cell viability and apoptosis, intracellular
and mitochondrial reactive oxygen species (ROS), lysosomal integrity and mito-
chondrial membrane potential; and on secretion and expression of eight cytoki-
nes at protein and gene levels.

Results CAP-induced reduced cell viability, apoptotic death and production of intra-
cellular and mitochondrial ROS in dose-dependent manner. Mitochondrial dysfunc-
tion and lysosomal leakage were found in CAP-treated cells. It also induced release
of interleukin (IL)-6, IL-8, tumour necrosis factor (TNF)-o and vascular endothelial
growth factor (VEGF), and enhanced the mRNA expression of IL-1f, IL-6, IL-8, IL-
10, TNF-0, interferon-y and VEGF. By contrast, IL-12 declined monotonically.
Conclusions The results suggest that with appropriate control of its dose, physical
plasma could induce cell death via apoptotic pathways and enable simultaneous
reduction in IL-12. These effects may be used to suppress keratinocyte hyperprolif-
eration and to target T-cell activation to control amplification of inflammation. This
provides an initial basis for further studies of CAP as a potential therapeutic option

for inflammatory and immune-related diseases in dermatology, including psoriasis.

What’s already known about this topic?

e Cold atmospheric plasma (CAP) is effective for wound healing.
e CAP can induce apoptotic death in some skin cells.

What does this study add?

e CAP induced apoptosis, mitochondrial dysfunction and lysosomal leakage in HaCaT
cells.

e CAP-induced release of cytokines is dose dependent and cytokine specific, thus
enabling preferential targeting. Its reduction of interleukin-12 may be used to tar-
get suppression of T cells.

e Our study provides an in vitro basis for CAP as a possible therapeutic option for

psoriasis.
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Nonthermal atmospheric-pressure plasma, also known as cold
atmospheric plasma (CAP), has recently found successful
applications in medicine.' Examples include instrument steril-

ization,2 tissue disinfection,3 treatment of pruritus,4 wound

healing® and cancer therapy.® With some applications having

-5 .
CAP devices

It is known that

already completed or undergoing clinical trials,’
appear to be well suited for dermatology.”
CAP delivers a cocktail of reactive oxygen species (ROS), reac-
tive nitrogen species (RNS) and low fluxes of photons, which
are known to be effective for treating skin diseases.®” How-
ever, little is currently understood of the cellular components
and functions affected by CAP, and this is impeding the real-
ization of its potential for dermatology.

Probably the most prevalent immune-mediated skin disease
in adults, psoriasis, is caused by the activation of T cells and/
or B cells without ongoing infection.'® It is associated with
keratinocyte hyperproliferation and inflammatory infiltration.
Despite considerable advances in the understanding of psoria-
sis pathogenesis, much needs to be learned in terms of its key
cellular interactions and molecular pathways of inflammation.
Detailed in vivo studies are impeded by a lack of animal models
that faithfully reproduce human psoriasis. '°

Our motivation for using physical plasmas as a possible
therapy for psoriasis is based on two considerations. Firstly,
CAP can be applied locally to psoriatic areas similarly to ultra-
violet (UV)B phototherapy,” "'
effective way of inhibiting T cells.'”

and secondly, ROS are an
Detailed evaluation of this
possibility has not been reported previously, and so it seems
appropriate to start with an in vitro evidence-gathering study
with which to inform more focused studies in the future. To
this end, our objectives were to investigate (i) cell death, to
assess CAP suppression of keratinocyte hyperproliferation and
release of cytokines involved in inflammation development,
and (ii) the effects of physical plasmas on inflammatory and
immunological functions. This study uses the immortalized
human keratinocyte (HaCaT) cell line, as it shares similar
characteristics of differentiation and proliferation to normal
human keratinocytes and is the most commonly used cell
model for psoriasis studies.'*

As a reference, physical plasmas have been studied for treat-

—16

. . 14 .
ment of skin diseases, mostly melanoma and chronic

17-23
wounds,

with a focus on apoptosis, adhesion molecules,
cell cycles, the transcriptome and roles of ROS. There are very
few studies on immunological responses, with evidence for

leakage of nucleic acids and potassium,”* denaturation of

. 2
adhesion molecules*

for lymphocytes, and expression of
genes relevant to wound healing for dermal fibroblasts.'®
These are too few to support a coherent picture of CAP-

induced immunological responses.

Materials and methods

Cells and cell culture

HaCaT cells were purchased (Cell Resource Center, Peking

Union Medical College, Beijing, China) and grown in MEM-
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EBSS medium (minimum essential medium/Earle’s balanced
salt solution; GE Healthcare, Little Chalfont, U.K.) supple-
mented with 10% fetal bovine serum (Life Technologies,
Grand Island, NY, US.A.) and 1% penicillin—streptomycin
solution (PAA, Linz,

routinely using 0-25% trypsin/ethylenediaminetetraacetic acid

Austria). They were then subcultured

solution (GE Healthcare). The cells were confirmed as being
mycoplasma free with real-time polymerase chain reaction
(PCR). HaCaT cells from 10-30 passages in the log growth
phase were used in our study. Keratinocytes from patients
with psoriasis were found to become normal keratinocytes
easily in vitro after several passages, thus offering little support
for their use in this study.

Plasma device and treatment of cells

With details reported elsewhere,?® a dielectric-barrier dis-
charge (DBD) generator was used to produce a room-tempera-
ture and stable surface air plasma sustained with an electrical
power of 0-06 W cm ™ *. At the sample point, it had a photon
flux density (3-2 W cm™ ) mostly in the UVB band, four to
five orders of magnitude less than those used in UVB pho-
totherapy. The surface air plasma imposed negligible thermal
burden on and no flux of ions and electrons to the down-
stream sample. The surface DBD generator is integrated into a
closed treatment cavity with a Petri dish placed 10 mm away
(Fig. 1). In order to protect cells from dehydration during
treatment, HaCaT cells adhered with phosphate-buffered saline
(PBS; Corning Inc., Corning, NY, U.S.A.) were exposed to the
plasma. Immediately after plasma treatment, PBS was replaced
by fresh culture medium. Plasma treatment experiments were

repeated independently at least three times.

Morphological observations

The general and ultrastructural changes on cell morphology
were imaged 24 h after plasma treatment. The cells in the
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Fig 1. Schematic set-up of the surface dielectric-barrier discharge

Mesh electrode
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source and the cell sample under treatment. The electrical power
density is 0-06 W cm ™
3-2 uyW cm?, mostly in the UVB band. The air gap between the
electrode and the sample is adjusted to L, ~ 10 mm and the depth of
phosphate-buffered saline (PBS) above the cells is L, ~ 1 mm. In the

. The ultraviolet (UV) power density is

experiments, the air plasma generates active species including reactive
oxygen and nitrogen species, some of which transport across the air
gap and then penetrate into the PBS.
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Petri dish were used directly for light microscopic observation
(IX51; Olympus, Center Valley, PA, U.S.A.). The protocol of
the transmission electron microscope (TEM) was as follows.
Trypsinized HaCaT cells were collected and centrifuged at
3000 g for 10 min after washing three times with cold PBS.
Pellets were fixed by immersion in 2-5% glutaraldehyde for
24 h at 4 °C. The samples were then fixed with osmium
tetroxide and dehydrated through an increasing graded etha-
nol series, before being embedded with epoxy resin Epon
812. Ultrathin sections were cut and then stained with uranyl
acetate and lead citrate. TEM (H7650; Hitachi, Tokyo, Japan)
was used to explore the ultrastructural changes.

Cell viability measurement

To measure cell viability, 6000 cells per well were seeded in
96-well plates with five replicates the day before CAP treat-
ment. To clarify the role of UV generated from the plasma, a
quartz plate was placed above the 96-well plate to let the UV
emission through but not gaseous plasma species. The antioxi-
dant N-acetyl-i-cysteine (NAC; Sigma-Aldrich Co., St Louis,
MO, U.S.A.) at 10 mmol L' concentration was added to the
culture medium 0-5 h before the plasma treatment in order to
establish the effect of ROS. Cell viability was assessed using
the Cell Counting Kit-8 (CCK-8; 7sea Biotech, Shanghai,
China). A 10-pL aliquot of CCK-8 solution per 100 pL culture
medium was added to each well at 4, 24, 48 and 72 h after
treatment. After incubation for 2 h, the light absorbance at
450 nm was recorded by a microplate reader (3001; Thermo
Scientific, Waltham, MA, U.S.A.).

Apoptosis assay

Cells were collected 16 h after CAP treatment for the apoptosis
assay using the Annexin V-FITC Apoptosis Detection Kit I (BD
Biosciences, San Jose, CA, U.S.A.). Cells that stained negative
for both annexin V—fluorescein isocyanate (FITC) and propid-
ium iodide (PI) were alive without measurable apoptosis;
early apoptosis cells stained annexin V-FITC positive and PI
negative; and late apoptosis and dead cells stained both
annexin V-FITC and PI positive. The arrays were conducted
according to the manufacturer’s instruction within 1 h after
staining. Apoptotic cells were detected by flow cytometer
(Accuri C6; BD Biosciences).

Hydrogen peroxide and total nitrate/nitrite detection in
plasma-treated phosphate-buffered saline

The concentration of H,0, in plasma-treated PBS was mea-
sured using a colorimetric assay (Amplex® Red Hydrogen
Peroxide/Peroxidase Assay Kit; Invitrogen, Carlsbad, CA,
U.S.A)). H,O, molecules in the sample react with the Amplex
Red reagent and horseradish peroxidase, and the resulting flu-
orescence is measured by a microplate reader equipped for
excitation at a wavelength of 540 nm and emission at

590 nm. Detection of the total nitrate and nitrite concentra-
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tion was carried out using a nitrate/nitrite colorimetric assay
kit (Cayman, Ann Arbor, MI, U.S.A.). Using nitrate reductase
to convert nitrate to nitrite, the total concentration of nitrate
and nitrite was determined using the NO; concentration. The
absorbance at 540 nm was measured and calculated in com-
parison with the standard curve from the manufacturer.

Intracellular and mitochondrial reactive oxygen species

The fluorescent probe 2',7’-dichlorofluorescin diacetate (DCFH-
DA; Sigma-Aldrich) was used to detect intracellular ROS levels.
Briefly, 2 h after the plasma treatment, HaCaT cells were incu-
bated with 1 mL PBS containing 10 pmol L™' DCFH-DA for
30 min. After washing with PBS three times, cells were col-
lected for flow cytometry within 1 h. For mitochondrial ROS
detection, mitochondria were extracted from cells with 3-min
plasma treatment using a high-purity mitochondria isolation kit
(GenMed Scientifics Inc., Wilmington, DE, U.S.A.). The staining
process was the same as mentioned above.

Lysosomal leakage

Cells in the 35-mm dish were cultured overnight with
100 pg mL~" Lucifer yellow (Sigma-Aldrich) mixed in the
medium. Next, 24 h after plasma treatment, cells were
washed with PBS three times and observed by fluorescence
microscope (Olympus).

Mitochondrial membrane potential

The mitochondrial membrane potential (MMP) of HaCaT cells
was detected by JC-1 (5,5,6,6'-tetrachloro-1,1",3,3'-tetra-
ethylbenzimidazolocarbocyanine iodide) probe of a mitochon-
dria staining kit (Sigma-Aldrich). Cells cultured in 35-mm
dishes after plasma treatment were incubated with medium
containing 2-5 pug mL™' JC-1 staining solution at 37 °C for
20 min. After washing with medium twice, cells in the cul-
ture dishes were used directly for fluorescence microscopy.
Collected cells suspended in ice-cold staining buffer were
measured by flow cytometric assays. Cells pretreated with vali-
nomycin acted as the positive control.

Activity of caspase-3 and caspase-9

The cellular activities of caspase-3 and caspase-9 with 3-min
plasma treatment were determined by colorimetric assay kit
(Biovision, Milpitas, CA, U.S.A.). Cell lysates were prepared
from the cell lysis buffer at 3, 6, 9 and 12 h after plasma
treatment. Assays were performed in 96-well plates with
150 pg protein and 50 pL
10 mmol L™ dithiothreitol. A 5-pL aliquot of 4 mmol L™
DEVD-pNA (for caspase-3) or LEHD-pNA (for caspase-9) was
added to the wells. After incubating at 37 °C for 2 h, the
absorbance was measured at 405 nm. The result was calcu-

reaction buffer containing

lated by the ratio of treated cells to untreated cells (i.e. vs. the
control).
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Cytokine release and mRNA expression

Culture supernatants were collected for cytokine assay, 24 h
after CAP treatment, by quantitative sandwich enzyme-linked
immunosorbent assay (ELISA). The kits for interleukin (IL)-
1B, IL-6, IL-8, IL-10, IL-12, tumour necrosis factor (TNF)-o,
interferon (IFN)-y and vascular endothelial growth factor
(VEGF) were purchased from R&D Systems Inc. (Minneapolis,
MN, U.S.A.). A microplate reader set to 450 and 540 nm was
used for the absorbance observation. The concentration of the
sample was obtained through the establishment of standard
curves.

Real-time quantitative PCR was used for detection of mRNA
expression of cytokines. Briefly, cells were collected for total
RNA extraction by Trizol reagent (Invitrogen). RNA (1 pg) in
20 pL reaction system was used for reverse-transcriptase cDNA
synthesis (Revert Aid First Strand ¢cDNA Synthesis Kit; Thermo
Scientific). The products were amplified with suitable primers
(Sangon Biotech, Shanghai, China) and SYBR Green I fluores-
cent dye (Applied Biosystems, Foster City, CA, U.S.A.). The
primer sequences are listed in Table S1 (see Supporting Infor-
mation). The results were normalized to B-actin using the
27AAC method. Experiments under each condition were con-
ducted in triplicate independently.

Statistical analysis

All experiments were performed independently at least three
times. Descriptive data are expressed as mean % SD. Statistical
analyses were performed in SPSS 13.0 (IBM, Armonk, NY,
U.S.A.) using the t-test and Kruskall-Wallis test, followed by
the Mann—Whitney U-test. Statistical significance of data was
established at P < 0-05.
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Results

Morphological observations

Within 2 min of plasma treatment, cells showed mild changes
of morphological characteristics, as shown in Figure 2. With
plasma treatment extended to 3 min, the appearance of cell
shrinkage and membrane bleb formation was observed, with
some cells detached from the plate walls. At 4 min, cellular
structures were clearly destroyed and appeared to be frozen
on the surface of the dish.

The ultrastructure of untreated HaCaT cells under the TEM
is shown in Figure 2(f), with a large shape, more microvilli
on the surface, uniform distribution of chromatin in the
nucleus and clear mitochondrial crest structure. Plasma-treated
cells showed clear morphological changes including short and
less microvilli, swelling mitochondria and vacuolated mito-
chondrial crest. There were far more cells with cytoplasmic
vacuolization and chromatin condensation with 3-min treat-
ment than after 2 min, showing a typical apoptotic change.
However, 4-min exposure led to swelling of cells with frag-

mented membrane and naked nucleus.

Cell viability

When observed at 4 h after the treatment, plasma treatment of
no more than 2 min showed no obvious change in cell viability
(Fig. 3). With the treatment time extended to 3 min, cell via-
bility underwent a statistically significant decrease compared
with the control (P < 0-001), and there was a further reduction
after 4 min (P < 0-001). Data for 24 h post-treatment suggest
that 1-min exposure led to minor reduction of cell viability,
and longer treatment time resulted in a statistically significant

Fig 2. Morphological change of HaCaT cells without and with plasma treatment after 24-h cultivation under inverted optical microscopy (a—e)

and electron microscopy (f—j). Cytoplasmic vacuolization (arrows) was more common in the 3-min treated cells, whereas a fragmented membrane

and naked nucleus were found in cells with 4-min plasma treatment.

© 2015 British Association of Dermatologists
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and progressively larger reduction. In general, these reductions
became greater at 48 and 72 h after plasma treatment. No
significant difference was observed with cells covered with
a quartz plate as compared with the control. The addition of
the antioxidant NAC was found to arrest the decrease in viable
cells.

Apoptosis

As shown in Figure 4, the increasing percentage of apoptotic
cells was significant in the 2-min treated group (P < 0-01), and
more notable in the 3-min group (P < 0-001), while a minor
change was seen in the 1-min group 16 h after the treatment.
For the 4-min treatment, trypan blue staining showed all dead
cells (Fig. S1; see Supporting Information), and flow cytometry
showed that > 90% of the cells were both annexin V-FITC and
PI positive. We suspected that cell death by 4-min plasma treat-
ment was through necrotic rather than apoptotic pathways. The
group with the antioxidant NAC added showed a lower percent-
age of apoptotic cells. Plasma treatment at a certain dose could
induce apoptosis of HaCaT cells, and excessive treatment could
lead directly to necrocytosis. The addition of NAC could miti-
gate or even inhibit the occurrence of apoptosis.

Hydrogen peroxide and total nitrate/nitrite detection in
plasma-treated phosphate-buffered saline

As the biological effects of near room-temperature plasmas
occur mainly through ROS and RNS, we measured concentra-
tions of H,0, and total nitrate/nitrite in plasma-treated PBS as
being representative of plasma ROS and RNS experienced by
cells in PBS. As shown in Figure 5, no H,O, or nitrite was
detected in untreated PBS, but their concentrations increased

persistently with increasing plasma treatment time.

Intracellular and mitochondrial reactive oxygen species
levels

Intracellular ROS levels in HaCaT cells were measured by
DCFH-DA, a dye that shows cellular fluorescence intensity

British Journal of Dermatology (2016) 174, pp542—552
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Fig 3. Cell viability of HaCaT cells 4, 24, 48
and 72 h after plasma treatment with surface
air plasma. The antioxidant N-acetyl-1-cysteine
(NAC), 10 mmol L', is added in order to
observe the effect of reactive oxygen species.
3+Q denotes 3—min plasma treatment with a
covered quartz plate. 3 + NAC denotes 3-min
plasma treatment with NAC added to the

medium. The percentage cell viability is
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determined by normalization of the
absorbance intensity to the untreated cells in
each group. **P < 0-01, ***p < 0-001.

with intracellular ROS. As shown in Figure 6(a), plasma treat-
ment signiﬁcantly increased the intracellular ROS level, and
the rising trend was obvious with increasing plasma treatment
time. Addition of the ROS scavenger NAC was found to
reduce significantly the level of intracellular ROS induced by
the air plasma. To determine the mitochondrial ROS level,
mitochondria from cells with 3-min plasma treatment were
extracted for detection. Consistently with the intracellular ROS
result above, plasma treatment led to an increase of mitochon-
drial ROS level compared with the control (Fig. 6b).

Lysosomal leakage

The pinocytic tracer Lucifer yellow was used to examine
whether lysosomal leakage was induced by plasma treatment.
As shown in Figure 7, untreated HaCaT cells displayed a dis-
crete punctuate localization of fluorescence confirming that
Lucifer yellow was circumscribed in intact lysosomes. For cells
with 3-min plasma treatment, a diffuse distribution of fluores-
cence throughout the cell body was exhibited, which indi-
cated lysosomal leakage into the cytosol owing to disruption
of the permeability of the lysosomal membrane.

Mitochondrial membrane potential

The dissipation of the mitochondrial electrochemical potential
gradient (AV,,) is known as an early event in apoptosis. In
untreated HaCaT cells, the dye JC-1 concentrated in the mito-
chondrial matrix to form red fluorescent aggregates due to the
mitochondrial potential gradient. The shift from red aggre-
gates to green monomers indicated the dissipation of the
MMP that prevented the accumulation of JC-1 in the mito-
chondria. For cells with 3-min plasma treatment, Figure 8 dis-
plays the process from red aggregates to green monomers,
demonstrating the impairment of the MMP.

Activity assay for caspase-3 and caspase-9

As an initiator and executor of cell death, the activation of
cysteine proteases is involved in the process of apoptosis. As

© 2015 British Association of Dermatologists
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Fig 4. (a) Fluorescence-activated cell sorting analysis using Annexin V-FITC Apoptosis Detection Kit at 16 h after the plasma treatment, showing a
progressive evolution of cells from early to late apoptosis at 16 h after plasma treatment. (b) The apoptotic cell population as a function of the
plasma treatment time. NAC, antioxidant N-acetyl-L-cysteine. #P < 0-05, **P < 0-01, ***p < 0-001.

shown in Figure 9, 3-min plasma treatment caused a time-
dependent increase in caspase-3 and caspase-9 activities. Cas-
pase-3 activity increased at 3 h after treatment and was main-
tained at a relatively high level until 9 h, after which a small
decrease occurred until 12 h post-treatment. For caspase-9, a
significant increase was found 3 h after plasma treatment and
a gradual decay followed.

Cytokine release and mRNA expression

The concentrations of cytokines in the culture supernatants
from plasma-treated and control cells were determined 24 h

© 2015 British Association of Dermatologists

after treatment (Table 1). Unstimulated HaCaT cells secreted a
certain amount of IL-6, IL-8 and VEGF, but only low levels of
IL-12 and TNF-o. Plasma treatment induced a significant
increase in the levels of IL-6, IL-8 and VEGF. Different cytoki-
nes appeared to increase after slightly different treatment
times, for example 3 min for IL-6, 2 min for IL-8 and 1 min
for VEGF. For IL-12, all of the treated groups showed a statis-
tically significant decline. Although seen in all groups at low
levels, the release of TNF-a in the 3-min treated group was
significantly increased versus control. The secretions of IL-1f,
IL-10 and IEN-y were too low to be determined in either the
control or plasma-treated groups.

British Journal of Dermatology (2016) 174, pp542-552
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Fig 5. The concentration of (a) H,0, and (b) total nitrate/nitrite in
the plasma-treated phosphate-buffered saline. ***p < 0-001.

For mRNA expression of cytokines, the data in Figure 10
show a very similar trend consistent with the results of ELISA.
Besides a reduced expression for IL-12 mRNA, the other
cytokines from plasma-treated cells all appeared to follow a
trend for increased mRNA expression of varying degrees.

Discussion

Of many variants of CAP used for treatment of cells and living
tissues, a distinction may be made in terms of whether part of
the electrical current flows through the sample. When a sam-
ple is in the current path, it is mostly exposed to high fluxes
of energetic ions and UV photons. For psoriasis, our consider-
ations are to minimize the possibly damaging effects of the
energetic ions and UV photons of CAP, and to use ROS and
RNS as the main plasma agents to achieve and optimize deacti-
vation of keratinocyte hyperproliferation and suppression of
inflammation amplification. The design of the surface air DBD
shown in Figure 1 minimizes the contribution of ions and
electrons, with the optical intensity of UV photons kept below
32 pwW cm 2. This is a very low-energy device, with its bio-
logical effects occurring mostly through ROS/RNS as con-
firmed by the detection of H,0, and total nitrate and nitrite
in the plasma-treated PBS. This surface air plasma device is

physically scalable to treat large skin areas.”®
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Similar to other studies of plasma treatment of HaCaT

17-20,23
cells,

our results show that physical plasma has an inhi-
bitory effect on HaCaT cell viability in a dose-dependent fash-
ion. This is supported by ultrastructural changes including
cell-membrane shrinkage, microvilli shortening, mitochondria
swelling, cytoplasmic vacuolization and chromatin condensa-
tion. Reduction of cell viability was accompanied by evolution
of cells from a stage of annexin V-FITC and PI negativity at
4 h to annexin V-FITC positivity at 16 h. Excessive exposure
led to necrocytosis directly. Notwithstanding the difference
between HaCaT cells and psoriatic keratinocytes, and the need
for in vivo studies, the above data appear to support the use of
CAP to suppress and control keratinocyte hyperproliferation.
Apart from electrons and energetic ions, UV emission from
the surface air plasma under experimental conditions reported
here has a negligible effect on cell viability. By contrast,
plasma treatment induces an increase of both intracellular and
mitochondrial ROS levels. Introduction of the antioxidant NAC
to the cell-containing media leads to a reduction in intracellu-
lar ROS levels and apoptotic cells, as well as an increase in cell
viability. These findings are consistent in establishing that
plasma ROS/RNS play the dominant role in plasma-mediated

© 2015 British Association of Dermatologists



Fig 7. Plasma treatment induced the release of
Lucifer yellow from lysosomes of HaCaT cells.
Left: untreated HaCaT cells as the control,
showing a discrete punctate localization of
fluorescence. Right: HaCaT cells with 3-min
plasma treatment display a diffuse distribution
into the cytoplasm. The diffuse fluorescence
staining of the pinocytic tracer Lucifer yellow

indicates lysosomal leakage.

Surface air plasma-induced cell death, S.Y. Zhong et al. 549

(e).. () o (9) ¢ (h) o
b =) =L
N o o . 5
‘o7 =X 2:
g .
<57 < < 2 < 5]
o —= N N E| o T8
2 3 L L . 3 L 3
S o S S 24 S ol
o <3 o ® T3 o TE
o 3 =] 2 o 2 ., 3
%Sg ® ® \95 ® s
S s S S %3 S s
b TTTI TTTI T TTTr T T imw TTT T T T T TT T T I T F‘_ TTI T T T T (T Toer T O T (O TTII T TT0 T T TTTmr HTFITi TTTw
10" 10° 10° 10 10° 10° 10”2 10?2 10° 10* 10° 10° 1072 10" 10® 10° 10* 10° 10° 10”2 10" 10* 10° 10* 10° 10° 102

JC-1 monomers-A JC-1 monomers-A

JC-1 monomers-A JC-1 monomers-A

Fig 8. Mitochondrial membrane potential affected by plasma treatment. HaCaT cells stained with the reporter dye JC-1 for mitochondrial

condition are determined by fluorescence microscopy (a—d) and flow cytometry (e-h). In untreated HaCaT cells (a, e) the dye forms red

fluorescent aggregates. Valinomycin-treated cells (d, h), as the positive control, show cytoplasmic diffusion of green fluorescent monomers. Cells

with 3-min plasma treatment (b, f, 6h after the treatment and ¢, g, 16h after the treatment) show a shift from red (JC-1 aggregates) to green

fluorescence (JC-1 monomers), suggesting dissipation of mitochondrial membrane potential.

cellular effects. At a molecular level, our results show that
plasma treatment can evoke the dissipation of the MMP, lead-
ing to mitochondrial dysfunction.”” Lysosomal leakage in the
form of rupture of lysosomal integrity is evident also, and
could promote ROS production in mitochondria.”® Further-
more, accumulation of superoxide could further result in dys-
function of mitochondria and lysosomes.”” The observation of
plasma-mediated increase in mitochondrial ROS supports the
lysosomal leakage and MMP data. Given that mitochondria are
the main site for apoptosis induction and are also a major
source of cellular ROS, the plasma-induced increase of mito-
chondrial ROS production may have activated signalling path-
for mitochondria-localized consequently

ways apoptosis,

leading to the occurrence of apoptosis.3o

© 2015 British Association of Dermatologists

In response to a variety of stimuli, the complex mechanism of
intracellular inflammatory signal transmission of keratinocytes is
activated with expression and secretion of inflammatory cytoki-
2137 including IL-1, 11-6, IL-8, IL-10, TNE-ot and granulo-

cyte—macrophage colony-stimulating factor. These cytokines

nes

can affect the proliferation, differentiation and cell death of ker-
atinocytes, and can increase or decrease the secretion of the
cytokines.>® Changes in cytokine secretion are involved in the
occurrence, development and healing process of diseases such
as lichen planus and psoriasis and in wound healing.

It is reported that inflammatory cytokines are linked to
mitochondrial ROS production.>* The present work employed
a group of cytokines to gain a first understanding of their
possible release by CAP, and the dependence of released
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Fig 9. Activity of caspase-3 and caspase-9 in plasma-treated HaCaT
cells. Cells with 3-min plasma treatment are collected for analysis at 3,
6, 9 and 12 h after treatment. The values are expressed as the fold
change vs. control. **P < 0-01, ***p < 0-001, ##P < 0-01.

cytokines on CAP dosage. It was found that CAP treatment
induces significant release of IL-1f, IL-6, IL-8, IL-10, TNF-a,
IFN-y and VEGF at the protein or gene expression level. How-
ever, their CAP dose dependences are distinctly different. Most
cytokines appear to follow an increasing trend with increasing
treatment time, while the trend for IL-12 is by contrast a
declining one. This appears to be the first evidence of CAP-
induced cytokine release from keratinocytes, as well as its
dose-dependent and cytokine-dependent character. One rare
piece of evidence for plasma-induced cytokine release showed
IL-6, IL-8, monocyte chemoattractant protein-1 and trans-

forming growth factor-B1 release from dermal fibroblasts.'®

Increased production of IL-6 and IL-8 was observed for a sin-
gle plasma treatment dose, but the dose-response relationship
was not studied."®

Production of the proinflammatory cytokines IL-6, IL-8 and
TNF-o is known to be high in patients with psoriasis,®* >’
whereas VEGF is thought to be a key factor in the link between
inflammation and angiogenesis in psoriasis.38 TNEF-ol, IFN-v, IL-
6, IL-8, IL-12 and IL-18 levels in serum of patients with psoria-
sis were found to be significantly higher than in controls, but a
strong correlation with clinical severity and activity of psoriasis
was established only with TFN-y, 1L-12 and I1-18.% TL-12 is
therefore directly associated with clinical activity of psoriasis,
with TNF-o, IL-6 and IL-8 having lesser clinical association.
This is consistent with the fact that current systemic therapeutics

for psoriasis vulgaris use IL-12 as a target.***!

In potential cyto-
kine networks in psoriatic lesions, T-cell activation is thought to
be through IL-12 or IL-23, leading to amplification of
inflammation.'® Taken together, these clinical and mechanistic
studies highlight a central role of IL-12 and its supported candi-
dacy as an effective therapeutic target. The statistically signifi-
cant and progressive decline of IL-12 levels with increasing CAP
doses offers preliminary yet encouraging evidence that CAP
may possess therapeutic properties specific to treatment of
psoriasis.

Regarding CAP-increased production of IL-6 and IL-8, it
should be mentioned that their production in vitro is increased
also with UVB irradiation,*>*? and yet UVB is an effective
therapeutic for psoriasis. The roles of IL-6, IL-8, TNF-ot and
VEGF therefore need to be studied much further both in vitro
and in vivo. One aspect to be considered in future studies is

their nonmonotonic dose-response curves, where different

Table 1 Mean =+ SD concentrations of various cytokines in culture supernatants from dielectric-barrier discharge plasma-treated HaCaT cells

(pg mL™")
Group IL-6 IL-8 IL-12 TNF-o VEGFE
ol 7231 + 11.94 59692 + 53-01 2.87 + 033 0-92 + 0-23 1587.96 + 242-87
1 min 43.47 + 2.37 37811 + 7605 218 + 0-21%* 0-78 + 0-20 2139.04 + 287.29%#x
2 min 118-70 £ 20-41 1454-11 &£ 245-42%%% 1-88 4 0-12%** 0-80 &+ 0-15 2786-50 £ 428-14%**
3 et 445.28 + 36.94%%* 3996-40 + 370.71%%* 2.02 + 0-23%* 2.54 + 0-25%x 250595 + 349.49%x

IL, interleukin; TNF, tumour necrosis factor; VEGF, vascular endothelial growth factor. **P < 0-01, ***p < 0-001.

The relative expression
of mMRNA

IL-1B IL-6 IL-8

IL-10 IL-12
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M.y TNF-a VEGF

Fig 10. Effect of plasma treatment on mRNA
levels of cytokines in HaCaT cells. *P < 0-05,
**p < 0.01, ***p < 0-001. IL, interleukin;

IFN, interferon; TNF, tumour necrosis factor;

VEGE, vascular endothelial growth factor.
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time windows may be exploited for optimization using multi-
ple plasma treatments.

In conclusion, DBD surface air plasma can induce cell death
via apoptotic pathways with appropriate doses and can induce
release of several psoriasis-relevant cytokines in a dose-depen-
dent manner. Of particular interest is the progressive decrease of
IL-12 with increasing plasma dose, as increased IL-12 produc-
tion is known to be associated with both the clinical severity of
psoriasis®! and with T-cell activation, which directly contributes
to amplification of inflammation.'® Taken together, these points
suggest that CAP with an appropriate composition and concen-
tration of plasma agents may be used to enable effective sup-
the
amplification of inflammation through inactivation of IL-12 and

pression  of  keratinocyte hyperproliferation  and
hence T-cell activation. These results are promising but need to
be studied further with considerations of many aspects includ-
ing interactions of cytokines in their network and the full
immunology implication in an in vivo scenario. The option of
manipulating the ROS/RNS dose and composition, as well as
facilitating multiple rather than single time-windowed treat-
ments, suggests a considerable scope to optimize the beneficial

effects of physical plasmas for treatment of psoriasis.
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Fig S1. Trypan blue staining for 4-min plasma-treated HaCaT

cells. All cells in the image were dead, as shown by positive

staining for trypan blue.

Table S1. Sequences of the primers used for real-time poly-

merase chain reaction.
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