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ABSTRACT: Cell proliferation is one of the most critical processes for development, tissue regen-
eration, and wound healing, and is tightly linked with cell differentiation and migration. Also, the
regulation of cell proliferation is essential for appropriate tissue regeneration and improved culture
system, which requires an effective control tool for cell proliferation both in vivo and in vitro.
Recently, cold atmospheric pressure plasma (CAP) has been shown to have considerable effects
on cell proliferation that have been attributed to the generation of reactive oxygen species (ROS)
and reactive nitrogen species (RNS). Many studies on CAP application suggest that CAP can be
developed as an efficient tool to activate proliferation in vitro for personalized cell therapies and
in vivo for wound healing. In this review, we discuss how CAP has been applied to control prolif-
eration in various mammalian cells and its molecular mechanisms for biomedical applications. In
our study, we demonstrated that nitric oxide (NO) from CAP is the major factor for activating the
proliferation of human mesenchymal stem cells. When exposed to CAP, many different types of
human cells displayed highly increased expression of cytokines and growth factors both in vitro
and in vivo, strongly suggesting that common mechanisms and components are involved in CAP-
induced cell proliferation. Furthermore, CAP induced epigenetic modifications in human mesen-
chymal stem cells to boost the expression of cytokines and growth factors, thereby promoting cell
proliferation. Further studies are needed to verify that NO of the CAP and epigenetic modifications
are the common mechanism of action of CAP in culture and in wounded tissues. In addition, the
molecular mechanism of the epigenetic modifications induced by CAP treatment should be inves-

tigated to develop CAP as an applicable tool for regenerative medicine and wound healing.
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I. THE REGULATION OF CELL PROLIFERATION IS CRITICAL FOR THE
BIOLOGICAL SYSTEM IN VIVO AND IN VITRO

Cell proliferation is one of the most fundamental processes of all living organ-
isms. It is crucial for the formation of multicellular organisms during development!
and for the maintenance of the body by tissue regeneration and wound healing.
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For proliferation, cells divide to produce two daughter cells through the cell divi-
sion cycle, which is tightly regulated by cellular environments and extracellular
stresses.?* Uncontrolled cell proliferation often leads to tumor and cancer devel-
opment.*’ In the process of development, tissue regeneration, and wound healing,
cell proliferation is tightly linked with cell differentiation and migration, and their
interactions are necessary for regulating the size and function of all tissues and
organs.!>67

Control of cell proliferation in vitro is also important for the cell culture system,
which provides an essential tool for studying cellular physiology. However, it is dif-
ficult to maintain the state of proliferation in vifro in many types of cells, especially in
adult stem cells and normal cells taken from tissues, because they have a limited repli-
cation capacity,®® and often fail to maintain their own characteristics in the culture.!®!!
Moreover, some cells easily undergo cellular senescence under replication stress'>!* or
minute environmental stimuli.'*!> Thus, in order to maintain cell proliferation in vitro,
high concentrations of a diverse combinatory mixture of cytokines and growth factors
are added in the culture medium. However, this culture method is still controversial
because the exact mechanisms, as well as the physiological effects of high doses of cy-
tokines and growth factors, have not been defined.!® The cost of cytokines and growth
factors for the culture system is relatively high as well. Thus, an effective control tool
for cell proliferation, both in vivo and in vitro, would be needed for tissue regeneration
and improved culture system.

Recently, many studies including ours, have reported that cold atmospheric pressure
plasma (CAP) is an efficient method to activate the proliferation of various mammalian
cell types, including adult stem cells, progenitors, and normal cells. In this review, we
summarize current knowledge regarding the use of CAP to control the proliferation of
various mammalian cells including human mesenchymal stem cells, and its potential
medical applications. We also discuss the molecular mechanisms by which CAP induces
the expression of growth factors and cytokines to enhance the proliferation of various
mammalian cells.

Il. CAP AS ATOOL TO CONTROL CELL PROLIFERATION FOR BIOMEDICAL
APPLICATIONS

Many applications of CAP were mainly focused on its cell death-inducing effect in
various cancer cells, suggesting its potential use in anti-cancer therapy.'”?! Recently,
diverse physiological effects of CAP, such as tissue regeneration,?>2¢ activation of im-
mune responses,’’° cell differentiation,*'** and wound healing,*** have been reported
in various human and mouse cells. These physiological outcomes of CAP application
are strongly associated with the activation of cell proliferation in normal, progenitor, and
adult stem cells.

The various biological effects of CAP have been reported to mainly rely on reactive
oxygen species (ROS) and reactive nitrogen species (RNS).?* The variety and compo-
sition of ROS and RNS generated from CAP largely depends on plasma gas source,
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exposure dosage, and device type. For example, air-based CAP mostly generates large
amounts of hydrogen peroxide and ozone, which are powerful agents triggering DNA
damage to induce cell apoptosis in various cancer cells.!”'**'% In contrast, nitrogen
(N,), argon (Ar), or helium (He)-based CAP produce different combinations and con-
centrations of ROS and RNS that lead to the activation of proliferation in various mam-
malian cell types. 223436384142

There are two major types of atmospheric pressure plasma devices frequently used
for biomedical applications: air dielectric barrier discharges (DBD) and plasma jets
with He or Ar gas flow.* The plasma jet devices using a noble gas flow through the
DBD have a lower breakdown voltage and afford a lower-level dose of ozone and OH
than air-DBDs. Thus, they have been used for many biomedical applications of CAP
to various cells and tissues, as they generate very stable plasma with low gas tempera-
ture. 22635363842 There are also two types of operating conditions for the plasma jet. If the
induced electric field becomes a parallel component to the jet axis, the ionization waves
carrying charged particles are emitted from the nozzle together with ROS and RNS.
Devices of this type have been used for direct exposure of plasma to specific targets in
many biomedical applications. If the induced electric field is mainly perpendicular to the
jet axis, the ionization waves are not propagating toward the target. This type of device
has the advantage of more delicate control of the ROS and RNS without charge effect.
We have applied this perpendicular type of jet in our studies to examine the cellular ef-
fect of the CAP.22264

Cells can be exposed to CAP either directly or through a plasma-activated medium
(PAM). The biological effects of a direct CAP exposure result from both short- and
long-lived ROS and RNS, while long-lived species and secondary species produced
by chemical reactions of ROS and RNS from CAP induce its effects in PAM.** Many
physiological studies about the effects of CAP on cell proliferation and wound healing
have used direct CAP exposures?2+2633:363842 g]though CAP-treated solutions have also
been employed in limited cases.” Collectively, CAP may be a useful tool in a wide range
of fields since different physiological outcomes are possible by manipulating the CAP-
generating devices and conditions for its application.

lll. CAP ACTIVATES THE PROLIFERATION OF HUMAN ADULT STEM CELLS AND
PROGENITOR CELLS IN VITRO

Stem cells, in general, have the capacity to self-renew and to differentiate into multiple
mature cell types.*” Adult stem cells present in tissues and organs of the body are multi-
potent stem cells that develop into more specific lineages.*® Adult stem cells differenti-
ate into progenitor cells that have similar properties as adult stem cells but can replicate
only a limited number of times.***° These adult stem cells and progenitor cells have been
used in stem cell therapy for regeneration of tissues.’'* Especially, mesenchymal stem
cells (MSCs) are relatively easy to isolate from specific tissues of a patient and do not
result in an immune-rejection response. Thus, these cells provide an accessible source
for the usage in stem cell therapies.**
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In order to apply adult stem cells and progenitor cells for cell therapeutics, it is criti-
cal to increase their cell numbers by proliferation after extracting them from the body,
while maintaining their cellular characteristics. We showed that He gas-based CAP acti-
vated the proliferation of diverse mesenchymal adult stem cells, such as adipose tissue-
derived stem cells (ASCs), bone marrow-derived mesenchymal stem cells (BM-MSCs),
and hematopoietic stem cells (HSCs).?*2* When ASCs, BM-MSCs, and HSCs were ex-
posed to CAP, increased proliferation was observed in ASCs by 1.6-, BM-MSCs by 1.8-,
and HSCs by 2-fold, compared with that of each of the unexposed cells. In the CAP-
exposed ASCs, the expression of CD44 and CD105 as the stemness positive markers
were maintained, whereas the negative marker CD45 was not at all expressed. In BM-
MSC:s, the relative expression levels of CD44 and CD105 were increased to 4.2- and
7-fold, respectively, by CAP treatment. Preservation of stemness characteristics by CAP
treatment was further tested by examining the expression of Oct4, Sox2, and Nanog,
which play major functions in maintaining the pluripotency of stem cells to promote
proliferation.’”* CAP exposure induced the expression of Oct4, Sox2, and Nanog by
15-, 13.8-, and 14.8-fold, respectively, in ASCs and 3-, 4-, and 3.3-fold, respectively, in
BM-MSCs, compared with that of each untreated control. These observations strongly
suggest that CAP does not change the stem cell characteristics of mesenchymal stem
cells while activating their proliferation.

We also tested whether CAP exposure alters the capability of ASCs to differenti-
ate, and verified that the CAP-exposed ASCs underwent differentiation into adipocytes
as efficiently as the unexposed ASCs. One of the major drawbacks of culturing adult
stem cells in vitro would be cellular senescence.®® Generally, most stem cells are known
to undergo cellular senescence by genotoxic stresses in vitro.®' Thus, we also moni-
tored whether CAP exposure leads to senescence in ASCs using senescence-associated
B-galactosidase staining and demonstrated that CAP did not induce cellular senescence
in ASCs. Altogether, CAP activates the proliferation of mesenchymal stem cells without
affecting stem cell properties or inducing senescence in vitro.***¢

In addition to the human mesenchymal stem cells, CAP stimulated the proliferation
of a progenitor cell in vitro. Choi et al.?? reported that the proliferation of human skeletal
muscle myoblasts, which are precursors of muscle cells, increased about 1.2-fold at 72
h after exposure to N -based CAP, compared with that of the unexposed cells. They also
showed that CAP stimulated the differentiation of myoblasts into muscle cells, as veri-
fied by the expression of myosin heavy chain (MHC) and myogenin. CAP exposure also
induced the formation of new myofibers in the damaged site of muscle tissue by injury
in vivo. These results demonstrated that CAP promoted the proliferation and differentia-
tion of human muscle progenitors in vitro and the restoration of injured muscle tissue
in vivo.

These reports strongly support the notion that CAP activates the proliferation of
adult stem cells of mesenchymal origin and progenitor cells without disturbing their
characteristics. Thus, CAP could be safely applied as an efficient tool to culture various
adult stem cells and progenitors extracted from patients in vitro to amplify these stem
cells for personalized stem cell therapies.
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We have to emphasize that the results of our studies solely depend on the device and
condition used in the experiments. If the CAP exposure time is increased or if the config-
uration of the condition is changed, the consequences induced by CAP exposure might
cause other effects that we do not expect. Also, although the same condition of CAP is
applied, the cellular responses by CAP exposure can be different according to cell types.
For example, in the previous study, we showed that cell proliferation was increased in
ASCs but cellular apoptosis was induced in various cancer cells, although ASCs and
various cancer cells were exposed to the CAP with the same time and condition.?* Thus,
depending on the experimental conditions such as the CAP exposure time, CAP doses,
gas used to generate CAP, and cell types, CAP exposure can induce different outcomes.

IV. CAP STIMULATES THE PROLIFERATION OF TERMINALLY DIFFERENTIATED
OSTEOBLASTS, KERATINOCYTES, FIBROBLASTS, AND EPITHELIAL CELLS
FOR PROMOTING THE WOUND HEALING PROCESS IN VITRO AND
IN VIVO

CAP exposure stimulates the proliferation not only of adult stem cells and progenitor
cells but also of terminally differentiated human cells in various tissues. Eggers et al.®?
reported enhanced proliferation of human osteoblast-like cells (MG63) when exposed to
CAP generated by a mixture of nitrogen, oxygen, and argon. Osteoblasts are specialized
and terminally differentiated cells from mesenchymal stem cells. CAP-exposed MG63
cells exhibit increased expression of markers of cell proliferation, Ki67 and PCNA, as
well as pro-inflammatory markers, such as interleukin-1p (IL-1p), IL-6, IL-8, tumor ne-
crosis factor-a (TNF-a), cyclooxygenase 2 (COX2), and collagen (COL) la involved in
wound healing. Moreover, CAP-exposed cells displayed faster wound closure in wound
healing assay in vitro.

In the wound healing process, especially during the inflammatory phase and re-epi-
thelialization phase, keratinocytes, fibroblasts, and epithelial cells, and their interactions
play key roles.® Fibroblasts secrete several paracrine factors such as basic fibroblast
growth factor (bFGF), keratinocyte growth factor (KGF), vascular endothelial growth
factor-A (VEGF-A), and insulin-like growth factor-1 (IGF-1), which stimulate keratino-
cytes to trigger migration and proliferation,* and attract epithelial cells to the wounded
area for re-epithelialization by proliferation.®% Keratinocytes induce endothelial cell
migration and angiogenesis by releasing angiogenic growth factors such as vascular
endothelial growth factor (VEGF), and promote the proliferation of fibroblasts by se-
creting IL-1 and platelet-derived growth factor (PDGF) via double paracrine signaling
loops in the wounded area.®* Therefore, the activation of proliferation in keratinocytes,
fibroblasts, and epithelial cells is critical for wound healing.

Some studies have reported that CAP stimulates wound healing by directly increas-
ing the proliferation of keratinocytes, fibroblasts, and epithelial cells and by enhancing
cell migration for wound closure. References**® demonstrated that CAP directly affects
the proliferation of fibroblasts for wound healing. They exposed Ar-based CAP to mu-
rine fibroblast cell line, 1929, and observed that the proliferation significantly increased.
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Furthermore, they reported increased secretion of epidermal growth factor (EGF) and
transforming growth factors-p1 (TGF-B1) in CAP-exposed L929 cells.

Additionally, Brun et al.** reported that He-generated CAP exposure to human fibro-
blast-like primary cells isolated from nonpathological fragments of liver tissue increased
the daughter cells by 49.8%, while the unexposed had only 15.9% daughter cells. On
exposing the same CAP to the intestinal subepithelial myofibroblasts (ISEMFs) isolated
from nonpathological colonic biopsies, the migration of ISEMFs increased by 3.67-fold,
compared to that of the unexposed cells. In these cells with increased proliferation and
migration, the secretion of IL-6 was increased by 28% in the hepatic stellate cells and by
46% in ISEMFs. These results indicated that CAP exposure activates the proliferation
and migration of human fibroblast-like primary cells in vitro.

Choi et al.*® also demonstrated increased proliferation of human keratinocyte HaCaT
by Ar-based CAP exposure. CAP exposure induced the expression of cyclin D1 by ac-
tivating B-catenin, the major regulator of the proliferation of keratinocytes in vitro. In a
scratch wound healing assay, the wound closure was faster in the CAP-exposed HaCaT
cells than in the unexposed cells. Moreover, CAP exposure to wounded mouse skin ac-
celerated the shrinkage of the wounded area by increasing the proliferation of keratino-
cytes, suggesting that CAP induces the proliferation of keratinocytes, thereby leading to
wound closure in vitro and in vivo.

Using a N_-based CAP exposure, Won et al.* reported increased the proliferation of
human bronchial epithelial cell line, BEAS-2B, by 1.5-fold, compared with that of the
unexposed cells. In a scratch wound healing assay, BEAS-2B cells incubated with CAP-
treated solution displayed decreased scratch area, leading to increased migration. In the
CAP-treated BEAS-2B cells of augmented proliferation, the expression of epidermal
growth factor receptor (EGFR), a key factor for the wound healing of nasal mucosa, was
increased in comparison to the untreated cells. The epithelial-to-mesenchymal transition
(EMT) is an essential process of wound healing in which epithelial cells transform into
mesenchymal cells by losing the epithelial function.®”® The CAP-treated solution acti-
vated EMT signaling by activating p-focal adhesion kinase (FAK) and p-proto-oncogene
tyrosine protein kinase SRC, subsequently promoting the migration of BEAS-2B cells.
In the BEAS-2B cells whose EMT was activated by CAP-treated media, the expression
of a mesenchymal marker, slug, increased, while a cell adhesion marker, E-cadherin,
decreased. In the wounded mouse model treated with plasma-activated media (PAM),
epithelial cells increased in number, suggesting that the PAM activated the prolifera-
tion and migration of epithelial cells in vitro and in vivo to expedite the wound healing
process. Collectively, these reports demonstrated that CAP exposure promotes wound
healing by activating the proliferation and migration of keratinocytes, fibroblasts, and
epithelial cells.

Conversely, some studies have reported that CAP induces wound healing without
activating cell proliferation. Arndt et al.** demonstrated increased expression of cyto-
kines and growth factors, CD 40 ligand, chemokine ligand 1 (CXCL1), IL-1, IL-6, IL-8,
monocyte chemoattractant protein-1 (MCP-1), and Serpine E1 in primary human der-
mal fibroblasts exposed to Ar-based CAP. They also observed increased migration of
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CAP-exposed human dermal fibroblasts in the scratch wound healing assay in vitro;
however, the proliferation did not change significantly as compared with the unexposed
cells. In a mouse model of scratch wounds, faster wound closure was observed in mice
exposed to CAP every day for 5 days, in comparison to that in untreated mice, sug-
gesting that CAP exposure induced the migration of fibroblasts without affecting cell
proliferation in vitro and in vivo. In another study by Duchesne et al.,** human micro-
vascular endothelial cells (HMVEC), human primary dermal fibroblasts, and HaCaT
keratinocytes were treated with either direct CAP or PAM. In these three cell types used,
only direct CAP exposure promoted the migration in scratch assays, and both direct and
indirect CAP did not affect the proliferation in vitro.

V. MOLECULAR MECHANISMS OF CAP-INDUCED CELL PROLIFERATION
IN VIVO AND IN VITRO

In previous sections, we discussed the evidence that CAP activates the proliferation of
diverse human cells including mesenchymal stem cells, progenitor cells, and terminally
differentiated cells from different tissues, suggesting the potential for the general ap-
plication of CAP to activate the proliferation of these cells for regenerative medicine, in
vivo for wound healing and in vitro for cell therapy.

Then, how does CAP exposure activate the proliferation of various human cells? To
answer this question in the mesenchymal stem cells, we analyzed the whole genome ex-
pression profile of CAP-exposed ASCs using RNA-sequencing (RNA-seq).?® As shown
in Fig. 1, the results confirmed that CAP highly upregulated the expression of vari-
ous cytokines and growth factors including leukemia inhibitory factor (LIF), heparin-
binding epidermal growth factor (HB-EGF), IL-6, IL-11, fibroblast growth factor 16
(FGF16), and IL-1p, and downregulated the expression of cell death-associated genes in
ASCs.? These results suggested that CAP induces the proliferation of ASCs by upregu-
lating the expression of cytokines and growth factors.

Interestingly, several reports also presented that CAP exposure enhances the ex-
pression of cytokines and growth factors, which in turn induce cell proliferation and
migration in wounded tissues.?4¥:4262 The genes commonly upregulated by CAP in the
ASCs? and the wounded tissues are those encoding key cytokines and growth factors
including IL-1, IL-6, and IL-8. These observations strongly suggest that the activation
of cell proliferation by CAP both in mesenchymal stem cells and in wounded tissues is
likely to be regulated by the shared mechanisms and components.

This brings us to the question of which components of CAP are responsible for the
increased expression of various cytokines and growth factors and activation of cell pro-
liferation. We found that NO but not ROS generated from the CAP functions primarily
to increase the expression of cytokines and growth factors in ASCs.?*** As shown in Fig.
1, the expression of major cytokines and growth factors in ASCs considerably increased
by CAP exposure, but decreased after treatment with CAP and NO scavenger, carboxy-
PTIO. NO, depending on its level, has been reported to regulate the expression of cyto-
kines and growth factors during the wound healing process,*-® supporting the important
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FIG. 1: Nitric oxide (NO) produced by CAP plays a key role in upregulating the expression of
cytokines and growth factors in adipose tissue-derived mesenchymal stem cells. Total expressed
RNAs were analyzed by RNA-seq in adipose tissue-derived stem cells (ASCs) exposed to CAP
for 10 times for 50 sec in every hour (CAP), ASCs exposed to CAP in the presence of carboxy-
PTIO (CP) as an NO scavenger (CAP+CP), ASCs treated only with DETA-NONOate as an
NO donor (NONOate), and untreated ASCs (Unexposed). The RNA-seq results of these cells
were processed for the heatmap analysis by Shinyheatmap software (shinyheatmap.com) and
presented” (reprinted from Park et al. with permission from Elsevier, copyright 2020).

role of NO in the CAP-activated expression of cytokines and growth factors in ASCs.
However, we expect that CAP may have more complex effects than those mediated
solely by NO and other components may also contribute to the increased expression of
cytokines and growth factors by CAP, because the observed increase in the expression
of cytokines and growth factor in NO donor-treated ASCs was lower than that in CAP-
exposed ASCs (Fig. 1).

The following question would be to understand how CAP activates the expression
of cytokines and growth factors. In our study, we observed that CAP increased the pro-
tein expression of histone deacetyltransferase (HDAC1), while reducing the expression
of acetylated histone 3 (Ac-H3). Furthermore, as shown in Fig. 2, CAP-exposed ASCs
pre-incubated with inhibitors of histone deacetylation, DNA methylation, and histone
methylation (which generally induce epigenetic modifications), had reduced expression
of various cytokines and growth factors. These observations strongly suggest that CAP
likely induces changes in the global epigenetic process to activate the cytokines and
growth factors.

Previously, we mentioned that NO produced by CAP is mainly responsible for up-
regulating cytokines and growth factors. Therefore, is it possible for the CAP-generated
NO to induce epigenetic modifications to regulate the expression of cytokines and growth
factors? Several recent studies reported that NO functions as an epigenetic modifier to
control cell fate by regulating gene expression in various cells, including stem cells.”""?
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FIG. 2: The global epigenetic modifications are involved in the upregulated expression of cy-
tokines and growth factors in CAP-treated ASCs. ASCs were pretreated with inhibitors for the
global epigenetic modifiers, valproic acid (VPA) for histone deacetyltransferase, azacytidine
(Aza) for DNA methyltransferase, and 3-deazaneplanocin (DZNep) for histone methyltrans-
ferase, for 5 h, and exposed to CAP for 50 s once in an hour for a total of ten times. The mRNA
expression of LIF, HB-EGF, and IL-11 was analyzed in VPA, Aza, and DZNep-incubated
ASCs with and without CAP exposures by real-time PCR. Their expressions were normalized
to the mRNA expression of B-actin in each sample and the relative mRNA expression was
presented compared to that in the CAP-unexposed ASCs.?® The relative mRNA expression of
each sample at 9 h over 0 h (before NTAPP-exposure) was plotted as mean + S.D. from three
independent experiments. *P < 0.05; **P <0.01; ***P <0.001 (reprinted from Park et al. with
permission from Elsevier, copyright 2020).

For example, in mouse embryonic stem cells (mESCs), NO donor reduced the expres-
sion of Nanog and Oct4, which are the main factors for maintaining the self-renewal
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of stem cells by increasing H4K9me3 and decreasing H3K4mel and H3 acetylation.”
Also, an NO donor induced the differentiation of neuronal progenitors by increasing the
acetylation of histone 3/4 during neurogenesis.”* These reports demonstrated that NO
acts as the regulator of epigenetic modifications, suggesting that CAP-produced NO
mainly functions as an epigenetic regulator to activate cytokines and growth factors.

VI. CONCLUSION

In this review, we overview how CAP has been applied to activate cell proliferation in mes-
enchymal stem cells, progenitors, and terminally differentiated cells. These accumulated
results in various human cells and wounded tissue mouse models strongly support that
CAP has a high potential to be developed as an efficient tool to activate cell proliferation
in vitro for personalized cell therapies and wound healing in vivo. Since CAP induced the
expression of various cytokines and growth factors in both cultured mesenchymal stem
cells and wounded tissue, it can be said that CAP-induced cell proliferation in the culture
system in vitro and wound healing in vivo might share some common mechanisms and
components. We showed in the adipose tissue-derived mesenchymal stem cells that NO
induces epigenetic changes to increase the expression of cytokines and growth factors and
enhances cell proliferation. The functions of NO generated by CAP and its epigenetic modi-
fications should be verified in other cells and in wounded tissue to determine the common
mechanism behind enhanced proliferation. To develop CAP as a general tool to activate
cell proliferation in vitro and in vivo for regenerative medicine, further investigations on the
mechanism of epigenetic modifications induced by CAP exposure are needed. A detailed
understanding of the chromosomal changes in the promoter and enhancer regions of the
genes for cytokines and growth factors, which are commonly upregulated in CAP-exposed
cells and tissues, may serve as a foundation to apply CAP for regenerative medicine.
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