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Abstract

Non-small cell lung cancer (NSCLC) is the most common type of lung cancer, as 85 %
of all lung cancer is reported for NSCLC. Moreover, there are no effective treatments in
advanced NSCLC. This study shows the first time that oral administration of plasma-
treated water (PTW) can cure advanced NSCLC. The cold plasma in water generates the
cocktail of reactive species, and oral administration of this cocktail to mice, showed no
toxicities even at the highest dose of PTW, after the single dose and repeated doses for
28 days in mice. In-vivo studies reveal that PTW showed favorable anticancer effects on
chemo-resistant lung cancer, similarly with gefitinib treatment as a reference drug in
chemo-resistant NSCLC model. The anticancer activities of PTW seem to be involved
in inhibiting proliferation and angiogenesis and enhancing apoptosis in the cancer cells.
Interestingly, the PTW contributes to enhanced immune response and improved

cachexia in the model.
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1. Introduction

Lung cancer is the more often cause of cancer-related death, being responsible for
about 24 % of total cancer death [1]. Roughly 85 % of the lung cancer are non-small cell
lung cancer (NSCLC) with poor prognosis: Five-year survival rate of only 15 % in such
patients and less than 3.7 % in the advanced metastatic stages [1]. The histological
subtypes include adenocarcinoma, squamous cell lung cancer (SQCLC), and large-cell
carcinoma [2]. Since many patients with NSCLC are diagnosed at an advanced stage. The
SQCLC, associated strongly with cigarette smoking, is treated mainly using a platinum-
based chemotherapy, and median overall survival of the patients in an advanced stage is
inferior to one year [3]. Recently, molecular targeting agents, notably epidermal growth
factor receptor-tyrosine kinase inhibitors (EGFR-TKIs), have shown significant benefits
on the advanced NSCLC, and the first-generation EGFR-TKISs, gefitinib and erlotinib, are
approved for treatment of adenocarcinoma harboring EGFR mutations [4]. However, the
EGFR-TKIs are effective only in a minority of NSCLC patients with EGFR mutations
(8-17% in U.S. and European patients, and fewer in Asian) [5], and they are not sensitive
in the patients with wild-type EGFR or a second mutation (i.e. T790M) after treatment
with EGFR-TKIs [6]. It suggests there is an urgent need to improve current therapies or
develop novel therapeutic concepts for chemo-resistant NSCLC at an advanced stage.

The oxidative mechanism is known to involve pathogenesis of numerous diseases,
including lung cancer [7]. Oxidative stress resulting from an imbalance between
antioxidant defense abilities and overproduction of oxidants modulates various signaling
pathways, causing inflammation, apoptosis, and proliferation [8]. The oxidative stress
involves the intracellular reactive oxygen species (ROS) and the free radicals from
mitochondria activation or other enzymatic systems, namely NADPH oxidase (NOX),
aldehyde oxidase, cytochrome P-450, cyclooxygenase, dihydroorotate dehydrogenase,
and nitric oxide synthase (NOS) [9]. Although chronic exposure to low levels of ROS is
known to induce tumorigenesis, high levels of ROS have shown cytotoxic effects [10].
Currently, extracellular ROS and reactive nitrogen species (RONS) has shown
therapeutic potentials as anti-tumorigenic agents by promoting apoptosis and necrosis,

and inhibiting angiogenesis [11], and the various RONS are effective selectively in cancer



cells despite no effects on non-tumor cells [12]. Furthermore, the EGFR-independent
antitumor effects of EGFR-TKIs, including gefitinib and erlotinib, have been reported to
involve the oxidative stress-mediated pathway [13]. It suggests that oxidative stress
overwhelming the antioxidant capacities can be linked to the potential anticancer effects.

Plasma medicine provides a new promising alternative treatment for cancer [14]. To
date, irradiation by cold atmospheric plasma has shown dramatic effects on various types
of cancer [15-17], and the antitumor effects have also been demonstrated when applying
plasma-treated medium (PTM) [16,18,19]. Surya et al. reported that miniature DBD
(mDBD) plasma treatment on lung cancer cells results in apoptotic induction and reduces
cancer cell migration [20].

Tanaka, et al. demonstrated that PTM could selectively kill glioblastoma (U251SP)
cells [21]. Saadati et al. reported that a combination of PTM with chemotherapy could
effectively treat tumors more than chemotherapy or PTM alone [22]. Additionally,
Utsumi et al. reported the anticancer effect of PTM on chemo-resistant ovarian cancer in
both in vitro and in vivo studies [23]. Van Boxem et al. revealed that plasma-treated
phosphate-buffered saline (PBS) shows a cytotoxic effect on glioblastoma cancer cell
lines; additionally, the authors also demonstrated that hydrogen peroxide (H202) plays a
more vital role than nitrite (NO2 ) in killing cancer cells [18]. Bekeschus et al. reported
that plasma-treated PBS significantly decreases pancreatic tumor in a 3D model [24].
Recently, Freund et al. revealed that plasma-treated saline solution treatment was better
than H20:2 in killing 3D tumor-spheroids grown from murine colon cancer cells [25].
Additionally, in vivo studies showed that plasma-treated saline successfully reduced the
tumor burden and elevated the immunogenicity [25]. Very recently, Griseti et al. reported
that plasma-activated PBS (P-A PBS) was more effective in killing cancer cells of human
ovarian cancer and colorectal cancer than plasma-activated sodium chloride 0.9% (P-A
NaCl), mainly because higher concentrations of H202, NO2  and nitrate (NO3 ) were
produced in P-A PBS than in P-A NaCl [26]. Yan et al. reported that PTM was highly
effective for pancreatic cancer cells, while plasma-treated PBS was more effective for
glioblastoma cells. Moreover, the dilution on plasma-treated water (PTW) significantly
weakens the anticancer effect on breast cancer cells and pancreatic cancer cells, while

dilution did not weaken the toxicity effect against glioblastoma cancer cells [27]. Tanaka,



et al. reported that plasma-activated acetic acid Ringer’s solution (PAA) and plasma-
activated Ringer’s lactate solution (PAL) successfully killed SK-OV-3 cells [28]. Sato et
al. showed PAL-induced anticancer effects on pancreatic cancer by in-vitro and in-vivo
studies [17]. In another study, Matsuzaki et al. investigated the PAL-induced anticancer
effect on A549 cancer cells [29]. Finally, our and other groups reported the anticancer
effect of plasma-treated water (PTW), on human breast cancer cells (MDA-MB-231)
[30], on a human cervical cancer cell line (HeLa cell line) [31], and on pancreatic ductal
adenocarcinoma (MiaPaca-2, BxPc3) and pancreatic stellate cells (PSCs) (hPSC128-SV)
[32].

The oral dose toxicity of PTW was first examined at the maximum dose for rodent,
and then the antitumor effects of the orally administered PTW on chemo-resistant NSCLC
were examined in vitro and in vivo. For the antitumor effects, human SQCLC, NCI-H520
that scarcely express EGFR, was used as a gefitinib-resistant NSCLC, and the oxidative
stress-mediated antitumor effects of PTW were compared with those of gefitinib

treatment [13].

2. Materials and Methods
2.1 Production of PTW

Atmospheric pressure plasma jet comprised of two electrodes and a quartz tube.
Hollow needle was used as high voltage electrode and covered with a quartz tube (Figure
1A). The outer electrode acts as the ground electrode. The root-mean-squared voltage and
current were 0.58 kV and 2.21 mA, respectively (Figure 1B), whereas the discharge
voltage and energy were 1.16 kV and 9.5 mJ/sec, respectively. The relative humidity was
50 % RH. No chemical etching was observed on the walls of the stainless-steel needle
after plasma treatment. The optical emission spectra (OES) of the plasma jet emission
were recorded using a HR4000CG-UV-NIR spectrometer. Figure 1C, illustrates a typical
spectrum, showing that in air plasma small emission lines in the range of 200-250 nm
that belongs to the molecular NO f, y system. Additionally, strong peaks at 294.5, 314.1,
335.3,353.7, and 379.0 nm were belonging to N2 second-positive system (C3ITu-B3I1g),
as well as *OH peak at 309 nm also observed. For PTW, double distilled water (DDW)
of 5 ml in a well of 6-well plate was treated with the atmospheric pressure plasma jet for

30 min.



2.2 RONS concentrations and change in pH of PTW

Concentrations of H2O2, NO2~ and NO3™ in the PTW were measured, as described
elsewhere [33-36]. The H202, NO2™ and NOs™ concentrations in the prepared PTW were
0.16 +£0.032, 0.20 +0.04 and 1.2 + 0.04 mM, respectively, as shown in Figure 1D. PTW
was diluted with DDW for the in vivo test and diluted with culture medium RPMI 1640
for the in vitro experiments, as shown in Figure 2A, and explained below.
2.3 Animals

Six-week old female and male ICR (CD1®) and five-week old female nude
(CAnN.Cg-Foxn1nu/CrljOri) mice were purchased from OrientBio (Seoul, Korea) for
studies on oral dose toxicity of PTW and the antitumor effects, respectively. The animals
were housed in a temperature (20-25 °C) and humidity (45 %) controlled room with a
light/dark cycle of 12 h/12 h. Feed and water were supplied ad libitum. After
acclimatization for 7 days at least, animals were used and fasted overnight before the
initial treatment and euthanasia with CO2 gas. All animal experiments were performed
according to the guidelines of the international regulations of usage and welfare of
laboratory animals, and approved by the Institutional Animal Care and Use Committee
in Daegu Haany University (Gyeongsan, Korea) (Approval No. of DHU2016-017 and
DHU20160-018 for single and repeated oral dose toxicity of PTW, respectively, and
DHU2016-040 for antitumor effects of PTW). PTW was administrated through an oral
gavage for both toxicity test (single dose and repeated dose), and antitumor effect.
2.4 Treatment for oral dose toxicity of PTW

Two batches of female and male ICR mice were used for oral dose toxicity of PTW.
The experimental procedure for the oral dose toxicity test was demonstrated in Figures
S1 and S2. Because no data exists for the toxicity, it was assessed in the maximum oral
volume of 20 ml/kg, accepted as a limited dose for rodents by Korea Food and Drug
Administration (KFDA) guidelines (Notification No. 2015-082) and as described
previously [37-39]. One batch of 40 female and male mice were divided into eight groups
with similar body weights (n =5 per group). The mice received a single oral dose of DW
(vehicle control) or PTW at 20, 10 and 5 ml’kg (PTW20, PTW10 and PTWS,
respectively) in a volume of 20 ml/kg, as shown in Figure S1. In a same manner, another

batch of 40 female and male mice was grouped, and they received the repeated oral dose



for 28 days, see Figure S2. The toxicological analyses were performed according to the
KFDA guidelines.
2.5 Single oral dose toxicity of PTW

Abnormal clinical signs and death were recorded twice a day within 14 days post-
treatment, based on a functional observation battery [40]. The body weights were
measured prior to treatment and on days 1, 2, 7, 13 and 14 post-treatment. On day 14
post-treatment, mice were euthanized and any abnormal changes were scored in the
necropsy, especially in specific organs of the brain, lung, heart, liver, thymus, adrenal
glands, kidney, spleen, testis/ovary, pancreas, epididymis/uterus, and submandibular
lymph nodes, and additional organs of urinary bladder, gastrointestinal tracts, skin,
prostate, and the administered sites. The specific organs were sampled and weighted.
Then, the samples were fixed in 10 % neutral buffered formalin (NBF), paraffin-
embedded, and sectioned at 3-4 um. The sections were stained with hematoxylin-eosin
(HE), and any abnormalities were scored using a computer-based image analysis program
(iSolution FL ver 9.1, IMT i-solution Inc., Vancouver, BC, Canada). The necropsy and
histopathological abnormalities were scored as +1, +2 and +3 for slight, moderate and
severe changes, respectively, by a pathologist blinded to treatment groups [41].
2.6 Repeated oral dose toxicity of PTW

Abnormal clinical signs and death were recorded within 28 days post-treatment in a
same manner as described above. Body weights were measured prior to treatment and
once a day post-treatment. On day 28 post-treatment, blood samples (0.8-10 ml) were
collected into CBC bottles containing EDTA-2K via the inferior vena cava under
anesthesia with 3 % isoflurane in a mixture of 70 % N20 and 28.5 % O2, and mice were
euthanized. The necropsy, specific organ weight and histopathology were performed as
described above. For hematology, a portion of blood samples (0.3-0.4 ml) were analyzed
using an automated hematology cell counter (Cell-DYN3700, Abbott Laboratories,
Abbott Park, IL, USA). The contents included numbers of leukocytes (including
neutrophils, eosinophils, basophils, lymphocytes, and monocytes), erythrocytes, platelets,
hemoglobin concentrations, hematocrit, mean corpuscular volume, mean corpuscular
hemoglobin, and mean corpuscular hemoglobin concentration. For serum biochemistry,
the rest of blood samples was centrifuged at 3,000 rpm for 10 min, and the resultant serum

(about 0.3 ml) was analyzed using a blood biochemistry autoanalyzer (Dri-Chem



NX500i, Fuji Medical System Co., Ltd., Tokyo, Japan). The contents included alkaline
phosphatase, aspartate aminotransferase, alanine aminotransferase, blood urea nitrogen,
glucose, inorganic phosphorus, albumin, cholesterol, creatine phosphokinase, creatinine,
total bilirubin and protein, globulin, albumin/globulin ratio, triglyceride, lactate
dehydrogenase, and ions of calcium, sodium, potassium and chloride.

2.7 Antitumor effects of PTW

2.7.1. Human NSCLC cell culture

Human NCI-H520 (American Type Culture Collection, Manassas, VA, USA) cells
were maintained in RPMI 1640 media (Gibco BRL, Grand Island. NY, USA)
supplemented with 10 % fetal bovine serum (Gibco BRL), 100 U/ml
penicillin/streptomycin (Sigma-Aldrich) at 37 °C in a humid atmosphere with 5% COa.
2.7.2. In-vitro MTT assay
NCI-H520 cells (1x10* cells/well) were plated in 96-well plates and treated with PTW
and gefitinib. PTW was 10 times diluted in culture medium and added to the cells at 0, 5,
10, 20, 50, and 100 pl/ml. The same was true for gefitinib at 0, 1, 2.5, 5, 10, and 50 puM,
keeping the total volume of 200 ul for 72 hrs. After incubation with 0.5 mg/ml MTT
solution (Sigma-Aldrich) for 4 h, the culture medium was changed to DMSO (Sigma-
Aldrich). The optical density was measured at 570 nm using a microplate reader (Tecan,
Mainnedorf, Switzerland). Six independent assays were conducted.

2.7.3 Experimental design in NSCLC xenograft model

A total of 48 nude mice were divided into six groups (n = 8 per group) based on
similar body weights. The experimental procedure to study the anticancer effect of PTW
was shown in Figure 2B. Five groups were inoculated subcutaneously with NCI-H520
cells (2x107 cell/mouse) suspended in saline on the right dorsal hip for tumor-bearing
(TB) model, while one group was inoculated with saline only. Two weeks later, the TB
model was regrouped with similar variability of tumor volumes (a range of 167.47 ~
479.23 mm?®), and orally administered with DW (TB control), geftinib at 120 mg/kg or
PTW at 2.0, 1.0 and 0.5 ml/kg (PTW2.0, PTW1.0 and PTWO.5, respectively) using an
oral gavage. Another one group with saline only was administered with DW (Intact). The
highest dosage of PTW was determined as a general safety index (10 %) of the maximum

dosage (20 ml/kg) in the toxicity studies, and gefitinib was based on a previous study



[42]. The administration was performed in a volume of 10 ml/kg once a day for 35 days.
Body weights and tumor volumes were measured prior to treatment and on days 1, 3, 7,
14, 21, 28, and 34 post-treatment. The tumor volumes were calculated with following
formula [43]:
Tumor volume (mm?) = (axb?)/2 (1)
where a is the tumor length (long axis) and b is the tumor width (short axis).
On day 35 post-treatment, the blood was sampled, and mice were euthanized. The tumor
mass, three organs of the spleen, the left submandibular lymph nodes and periovarian fat
tissues were sampled and weighted. The organ weight to the individual body weight was
expressed as the relative weights (%). In addition, the peritoneal lavages were collected.
The samples were subjected to biochemical or histopathological analyses.
2.7.4 Serum levels of interleukin (IL)-6 and interferon (IFN)-y
A blood sample via vena cava was collected before euthanasia, and the serum was
separated. The serum sample was stored —150 °C until analysis. The serum levels of IL-
6 and IFN-y were assessed using the IL-6 (R&D Systems Inc., Minneapolis, MN, USA)
and the IFN-y enzyme-linked immunosorbent assay (ELISA) kits (BD
Biosciences/Pharmingen, San Jose, CA, USA), respectively, according to the
manufacturer’s protocols, and expressed as pg/ml.
2.7.5 Natural killer (NK) cell activities
The splenic and peritoneal NK cell activities were assessed by a standard chromium (°'Cr)
assay, as described previously [44—46]. Briefly, RBC-free splenocytes and peritoneal
macrophages as effector cells were isolated from the spleen homogenates and peritoneal
lavages, respectively. They were incubated with Na251CrO4-labeled HTLA-230
neuroblastoma target cells (1x10° cells) for 6 h at 37 °C. The ratio of effector cells to
target cells was 100:1 for splenocytes and 10:1 for peritoneal macrophages. The 3!Cr
releases were measured in the supernatants using a gamma counter (Cobra 5002;
Canberra Packard, Meriden, CT, USA), and calculated with the following formula:
% 3!Cr release (NK cell activities) = [(Exp — S)/(M — S)] x 100

where Exp is the mean °'Cr value observed in the experimental group, S is the mean

spontaneous °!Cr value, and M is the mean maximum >'Cr value.

2.7.6 Splenic cytokine measurements



Contents of TNF-a, IL-1pB, and IL-10 in the splenic homogenates were measured using
the mouse ELISA kits for TNF-a (BD Biosciences/Pharmingen, San Jose, CA, USA), IL-
1B (Genzyme, Westborough, MA, USA) and IL-10 (Genzyme, Westborough, MA, USA),
respectively, as described previously [47]. The values are expressed as pg/mg tissue
protein.

2.7.7 Histopathology

Tissue samples were fixed in 10% NBF, paraffin-embedded and serial-sectioned at a
thickness of 3 um. The sections were stained with HE, and analyzed by a histopathologist
blinded to the groups, using a computer-based automated image analyzer (iSolution FL
ver 9.1, IMT i-solution Inc.) under microscopy [48,49]. The tumor mass, tumor volumes
and apoptotic cells were assessed. The spleen was examined for the thickness of the
central region of the spleen, the white pulp numbers and diameters, and the submandibular
lymph node were examined for thickness of the central region, cortex lymphoid follicles
and cortex thicknesses. The periovarian fat pad was examined for thicknesses of the
central region and diameter of white adipocytes.

2.7.8 Immunohistochemistry

The other serial sections were immunostained after antigen retrieval pretreatment in
citrate buffer, as described previously [50]. Briefly, endogenous peroxidase was
inactivated with 0.3 % H20:, and non-specific immunoglobulin was blocked with normal
horse serum solution. A total of 8 primary antibodies was used for the immunostains; 6
rabbit antibodies were used for cleaved caspase-3 (#9661, Cell signaling Technology,
Beverly, MA, USA, dilution of 1:400), PARP (#9545, Cell signaling Technology,
dilution of 1:100), NT (#06-284, Millipore, Temecula, CA, USA, dilution of 1:200),
4HNE (#ab46545, Abcam, Cambridge, UK, dilution of 1:200), Ki-67 (#ab16667, Abcam,
dilution of 1:100), and iNOS (#sc-651, Santa Cruz Biotechnology, Santa Cruz, CA, USA,
dilution of 1:100), while 2 rat and mouse monoclonal antibodies were used for CD31
(#550274, BD Bioscience, San Jose, CA, USA, dilution of 1:100) and TNF-a (#sc-
130349, Santa Cruz Biotechnology, dilution of 1:200), respectively. The
immunoreactivities were biotinylated and visualized using the Vectastain Elite ABC

Kit™ and the DAB Peroxidase Substrate Kit™ (Vector Lab. Inc., Burlingame, CA, USA),



respectively. Cells that occupied over 20% of the immunoreactivities were regarded as

positive.

2.8 Statistical analyses

The values were expressed as the mean + standard deviation (S.D.). Firstly, the
homogeneity of the variance was analyzed by the Levene test. If the test indicated no
significance, the data were analyzed by ANOVA, followed by Scheffe or least-significant
differences (LSD) post-hoc tests. However, in case of significance, the Kruskal-Wallis H
test was conducted for non-parametric comparison, followed by the Mann-Whitney U
(MW) post-hoc test. The data for kinetics changes on body weight and tumor volumes
were examined by two-way ANOV A with main factors for the groups and day measured,
and the days were treated as a repeated measurement. The value of ICso was calculated

by the Probit method. Statistical significance was defined as p<0.05 for all analyses.

3. Results

3.1 Oral dose toxicity of PTW in mice

Within 14 days after single dosing, there were no PTW-related mortalities, body
weight changes and abnormal clinical signs in both female and male mice administered
with PTW at three doses of 20, 10 and 5 ml/kg (PTW20, PTW10 and PTWS5, respectively)
compared with the vehicle (distilled water, DW) control. Although post-mortem
examination of necropsy, specific organ weights and histopathology showed slight
abnormal changes, including the lung congestion, hypertrophy in the lymph node and
spleen, and the thymic atrophy, the changes were observed either in both vehicle control
and PTW groups or in the PTW-dose independent manner. The details are described in
the supporting information (Table S1). This supports little potential toxicity of PTW even
at the maximum dose of 20 ml/kg via oral administration. The PTW toxicity was further
examined in both genders of mice by the repeated oral dosing for 28 days. No mortalities,
body weight changes and abnormal signs were observed in all PTW groups. Similar with
the single oral dose, the hematology, serum biochemistry and post-mortem examination
showed some slight abnormal changes, however, the changes were observed either in

both vehicle control and PTW groups or PTW-dose independent manner. The PTW-
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specific changes were observed in the weight of liver of PTW20 with 5% increase
comparing to the vehicle control. In addition, the splenic hypertrophy was evident dose-
dependently in the PTW groups despites no increases in the spleen weights. However, it
is unlikely that the results could be involved in the PTW-specific toxicity because of no
histopathological abnormalities. The details are also described in the supporting
information (Table S2 and Table S3). These indicate that the maximum tolerable dosages

in the repeated oral dosing can be over 20 ml/kg in both female and male mice.

3.2. Antitumor effects of PTW in vitro

The cell viability of NCI-H520 was analyzed using different dilutions of PTW and
gefitinib. A similar drop in cell viability upon rising concentration was observed, and the
gradient showing the dose-dependent cell death was even more pronounced for PTW than
for gefitinib. ICso of 9.73 +0.87 ul/ml was obtained in PTW treatment, and 4.98 +0.69
uM in gefitinib (Figures 3A and 3B). The probable mechanism of PTW action on cancer
cells was discussed in discussion section and shown in Figure 3C.

3.3 Antitumor effects of PTW

In NSCLC xenograft model, while the inoculated tumor was grossly grown in the
tumor-bearing (TB) vehicle-treated control group for 35 days, it was little grown in the
PTW and gefitinib groups. The kinetic changes of the body weight and the tumor growth
were examined by two-way ANOVA (Figure 4). For the body weight changes, there were
no significant effects for the group, but significant interactions between the group and
days (p<0.01). The post hoc tests versus the TB control revealed a significant body weight
loss in the gefitinib group on days 21 to 35 post-treatment (Figure 4A). Although the TB
control exhibited the cachexia, the body weights including a huge tumor mass showed no
significances compared to the PTW groups. For the tumor size, there were substantial
effects of the groups (p<0.01), and interactions between group and days (p<0.01). The
post hoc tests versus the TB control revealed significant inhibition of tumor growth in the
PTW2.0, PTW1.0 and gefitinib groups on days 7 to 35 post-treatment and in the PTW0.5
on days 14 to 35 (p<0.05, Figure 4B). After all treatment for 35 days, the exposed tumor
was relatively smaller in the PTW groups, especially PTW2.0 and gefitinib than the TB
control (Figure 4C). The relative weights versus the TB control were lower by 63.4%,

51.8%, 35.8% and 52.8%, in the PTW2.0, PTWI1.0, PTWO0.5 and gefitinib groups,
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respectively. As expected, the body weight subtracted from the tumor weight showed
considerable increases of the weight gains in the groups of PTW2.0 and PTW1.0
compared with the TB control (p<<0.05), while it showed a decrease in the gefitinib group
(p<0.01, Figure 4D). Additionally, the absolute and relative tumor weights showed
significant reduction in the PTW and gefitinib groups compared with the TB control
(p<0.01, Figures 4E and 4F).
3.4 Effects on immune-relative organs and cachexia

We assessed the weights of the spleen and lymph node for immune responses in the
TB model, and the periovarian fat tissues for the cachexia. The TB control group
exhibited a significant reduction in the absolute and relative weights of the spleen, lymph
node and fat tissues, compared with those of the intact group (Table S4). However,
comparing to the TB control, the absolute and relative weights were significantly
increased in the PTW groups (p<0.05), but not in the gefitinib. The relative weights versus
the TB control were increased by 1.5-, 1.3- and 1.2-folds in the spleen of the PTW2.0,
PTW1.0 and PTWO0.5 groups, respectively. Likewise, they were increased by 2.4-, 1.8-,
and 1.7-folds in the lymph node, and by 2.6-, 2.1-, and 1.8-folds in the fat tissues.
3.5 Effects on cytokines and natural killer (NK) cell activities

Serum levels of interferon (IFN)-y and interleukin (IL)-6, and the splenic levels of
tumor necrosis factor (TNF)-a, IL-1 and IL-10 were further assessed for the TB-relevant
immune responses (Figures SA and 5B). The TB control group versus the intact group
showed notable increases in the serum levels of IL-6 and decreases in the levels of IFN-
v, however, all PTW groups versus the TB control reversed the serum levels. In addition,
the splenic levels of TNF-a, IL-1 and IL-10 were decreased in the TB control compared
with the intact group (p<0.01), however, they were significantly increased in the PTW
groups comparison with the TB control (p<0.01). There were no differences in the serum
and splenic cytokine levels between the TB control and gefitinib groups. Corresponding
to the cytokines, the TB control group showed a significant decrease in the splenic and
peritoneal NK cell activities comparing with the intact group (p<0.01, Figure 5C),
however, the PTW groups showed a significant increase in the activities comparing to the
TB control group (p<0.01). No differences were found in the activities between the TB
control and gefitinib groups.

3.6 Histopathological changes on tumor mass
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The TB control group exhibited well-differentiated tumor cells as squamous
carcinoma with a relatively fewer apoptotic cells in the xenograft tumor mass (Figure
6A). In the PTW and gefitinib groups, on the other hand, the tumor cells were evidently
reduced. The histomorphometric analysis revealed significant decreases in tumor cells by
49.9%, 57.4%, 78.5%, and 59.6% in the PTW2.0, PTW1.0, PTWO0.5 and gefitinib groups,
respectively (p<0.01, Figure 6B). Regarding the reduced tumor cells, the cell apoptosis
and proliferation in the tumor mass were analyzed (Figure 7A). The immunoreactive cells
for caspase-3 and poly (ADP-ribose) polymerase (PARP) as apoptosis makers were
observed more in the PTW and gefitinib groups than the TB control. Vice versa, the
immunoreactive cells for Ki-67 as a proliferation marker were observed fewer in the PTW
and gefitinib groups. The histmorphometric analysis revealed significant increases in the
immunoreactive cells for caspase-3 and PARP in the PTW (especially PTW2.0) and
gefitinib groups, compared with the TB control group, and significant decreases in the
cells for Ki-67 (p<0.01, Figures 7B and 7C). Angiogenesis in the stroma was assessed in
immunostain for cluster of differentiation (CD)31, and the immunoreactive cells were
significantly decreased in the PTW and gefitinib groups, compared with the TB control
(p<0.01). For further mechanisms, nitrotyrosine (NT) and 4-hydroxynonenal (4HNE)
were immunostained for oxidative stress, and inducible nitric oxide synthases (iNOS) and
tumor necrosis factor (TNF)-o were for immune activities. The immunoreactive cells
were observed evidently more in the PTW groups than the TB control. The
histomophometric analyses revealed significant rise in the immunoreactive cells for NT,
4HNE, iNOS and TNF-a in the PTW groups compared with the TB control (p<0.01,
Figures 7D and 7E). The gefitinib group also showed increases in the immunoreactive
cells for NT, 4HNE, and TNF-a, but not for iNOS.

3.7 Histopathological changes on immune organ and fat tissues

The TB control group exhibited atrophic changes with reduced lymphoid cells in the
splenic white pulp and lymph nodes (Figure 8). In addition, noticeable atrophic changes
with reduced volumes and numbers of white adipocytes in the periovarian fat tissues were
observed. The atrophic changes seemed to be improved in the PTW groups, but not in the
gefitinib group. The histomorphometric analyses revealed major decreases in the splenic
thickness and its white pulp numbers and diameters in the TB control group compared

with the intact group, together with decreases in the lymph node thickness, the lymphoid
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follicles and the cortical thickness (p<0.01) (Table 1). Furthermore, also the thickness of
the fat tissues reduced significantly, with reduced diameters of adipocytes (p<0.01).
Interestingly, the reduced parameters in the spleen, lymph node and fat tissues were
substantially increased in the PTW groups compared with the TB control group, but not
for the gefitinib group (p<0.01).

3. Discussion

Since this is the first study on oral dose toxicity of PTW in mice, the toxicological profiles
were examined at the limited dosage for rodents and sequentially diluted dosages. The
single oral dose of PTW showed no mortalities in both genders of mice up to 14 days
post-treatment, and no differences in the clinical signs and body weight changes
compared with the vehicle control group. Likewise, no PTW-specific abnormalities were
found in the necropsy, organ weight and histopathological analyses although there were
some sporadic changes. The same was observed even by repeated dose of PTW for 28
days, with no mortalities in both genders and no PTW-specific abnormalities in the gross
examination and blood analyses. The serum albumin and bilirubin are known to be strong
antioxidant elements [51], however, they were not different in the PTW groups compared
with the control. It suggests the total antioxidant defense system in normal condition
counteract sufficiently the oxidative stress induced by the PTW. The histopathological
examination revealed little abnormalities in most of the organs, but the spleen showed the
PTW-specific hypertrophy in the red pulp with the lymphoid cells’ hyperplasia. It is
unclear how PTW reacts with the splenic immune cells. However, considering that there
were no differences in weights of 14 specific organ including the spleen along with no
abnormal lesions, the splenic hypertrophy was probably due to immune responses
stimulated by PTW, rather than its toxicity [52]. These support that PTW can be applied
orally even at the maximum dosage for rodents, suggesting possibilities for a clinical use
of PTW via an oral route.

EGFR-TKIs have favored in adenocarcinomas with EGFR mutations. However, they
are effective only in a minority of NSCLC patients, and NSCLCs with wild-type EGFR
or negative EGFR are considered to be resistant to the EGFR-TKIs. Here, the gefitinib
exhibits ICso of high dose in the NCI-H520 negative EGFR cells similar with other studies

[5,53]. The cell viability assay provided a direct evidence for anti-proliferative effects of
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PTW on NSCLC. The gradient of inhibition curve seemed to be more pronounced in the
PTW treatment than the gefitinib, suggesting high sensitivity to PTW in the EGFR-TKI-
resistant NSCLC. In addition, the oral administration of PTW inhibited progressive tumor
growth showing reduction of tumor size and weights in the NSCLC xenograft mice
model. It is enigmatic regarding about the selective cytotoxicity of PTW on tumor cells
and the systemic antitumor effects. The levels of oxidative stress increase in advanced
stages of lung cancer, through the oncogene activation and the subsequent cellular
metabolisms, while levels of the antioxidant molecules decrease [54]. So, we speculated
the selective cytotoxicity was probably due to inability of antioxidant defense system in
cope with the extrinsic RONS in PTW in addition to higher basal ROS levels in tumor
cells than normal cells. The systemic antitumor effects of PTW are more difficult to
interpret because the only small amounts of RONS in the administered PTW are expected
to reach to the tumors through the gastrointestinal tract. Future studies on the serum levels
of RONS including H202, NO2™ and NOs™ need to be clarified for the direct antitumor
effects of PTW via an oral route. However, the data of immunostains for caspase-3,
PARP, Ki-67 and CD31 supported further the antitumor effects of PTW by enhancing
apoptosis and inhibiting cellular proliferation and stromal angiogenesis in the tumor mass.

Excessive oxidative stress over antioxidant mechanisms in tumor itself symbolize
as an alternative and promising therapeutic options for tumors refractory to the treatment
for NSCLC [55,56]. The present results in the immunostains for NT and 4HNE
represented significant increases in the oxidative stress in the PTW groups as well as the
geftinib compared with the TB control. The EGFR-independent antitumor effects
involved in oxidative stress have been reported recently [13]. In this text, we used a
gefitinib as a reference drug for the oxidative stress-meditated antitumor effects
comparing to PTW in chemo-resistant NSCLC. Gefitinib induces a dose-dependent
increase of oxidative stress-mediated cytotoxicity [57]. In contrast, elevated expression
of peroxiredoxins (Prx) II, an antioxidant, involves gefitinib-resistant tumor cells, and
inhibition of the antioxidants by down-regulation of Prx II or inactivation of nuclear factor
erythroid 2-related factor 2, a major antioxidant response regulator, enhances the
antitumor effects of EGFR-TKIs. However, the EGFR-mediated signaling pathway
seems to have dual effects depending on the degree of oxidative stress: While oxidation

of wild-type EGFR induces ROS generation and EGFR activation, leading to the
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downstream signaling pathways to promote tumorigenesis [58], high levels of oxidative
stress may induce the EGFR degradation or inactivation [59]. Indeed, a ROS producer
like sanguinarine and overproduction of ROS through superoxide and hydrogen peroxide
production causes EGFR degradation and then cell death even in EGFR-TKIs-resistant
NSCLC [60,61]. Besides, reagents such as piperlongumine and shikonin, elevating ROS,
have shown antitumor properties with enhancing apoptosis and inhibiting angiogenesis.
The increased RONS exerted endoplasmic reticulum stress and unfolded protein response
activation, which induces mitochondria-mediated apoptosis by triggering PERK-
dependent activation of JNK and p38 MAPK [62,63].

Interestingly, the systemic effects of PTW resulted in an improvement of the cachexia
by inhibition of weight loss and decreased fatty tissue. Pathogenesis and progression of
cachexia have been attributed in part to systemic elevation of pro-inflammatory cytokine
[64], while the resulting cachexia induces a suppressive effect on T cell-mediated
anticancer immune reaction [65]. Although nude mice are congenitally athymic for T
lymphocyte-related immune deficiency [66], they develop the extra-thymic T cell
maturation with CD8+ cytotoxic T cells more than CD4+ helper T cells [67]. Here, the
TB control group exhibited remarkable weight loss, along with the reduced weights of
the immune organs, including the spleen and submandibular lymph node. It was
accompanied by the elevated serum levels of IL-6, observed mainly in patients with
cachexia-associated cancers [68], and the reduced levels of IFN-y and splenic TNF-a, IL-
1B and IL-10, related to immune response. Vice versa, the PTW inhibited the cachexia by
reducing the IL-6 levels and increasing the weights of immune organs and releases of the
relevant cytokines. The histopathological analyses supported for the improvement of
cachexia in the PTW treatment showing the reduced atrophic changes in the spleen and
lymph nodes and the increased expression of iNOS and TNF-a in the tumor mass. The
enhanced immune responses in the PTW groups might be linked to the significant
increases in the splenic and peritoneal NK cells, contributing to the antitumor effects and
then improving the cachexia. Together with splenic hypertrophy in the above
toxicological studies, the results suggest that the antitumor effects of PTW may be
mediated through the immune stimulation involved in the oxidative stress [42]. However,
the cachexia and immune responses were not different in the gefitinib group compared

with the TB control despite significant inhibition of tumor growth. Cachexia in lung
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cancer patients receiving gefitinib or other cytotoxic reagents has been an issue, because
the therapies are focused typically on reducing tumor mass [69]. We expect that PTW can
overcome this drawback and cure cancer in a better way.

Oxidative stress-regulated reduction-oxidation reaction (redox) signaling pathways
are involved in cancer progression, especially in SQCLC associated with cigarette
smoking. However, clinical trials using antioxidants (i.e. vitamin, A, C and E, retinol and
beta-carotene) have no significant impacts or rather increase incidences of certain
cancers, including lung cancers [70]. It suggests the establishment of novel therapeutic
strategies using oxidative stress-mediated mechanisms for the treatment of the refractory
NSCLC. There have been currently emerging potential molecular targets as anaplastic
lymphoma kinase, BRAF, PDGFR and VEGFR as well as EGFR, for NSCLC, which has
also shown antitumor properties via increased oxidative stress as well as their targeted
impacts [13]. To understand the concrete action of PTW on the tumor through oral
administration in mice is not straightforward because of the complex system due to the
buffering capacity of the stomach and gastrointestinal tract.

The chemical composition of PTW (H202, NO2™ and NOs™) initiates the redox
biochemistry, so we speculate which could be the relevant pathways for cancer cell death,
as described in Figure 3C, based on literature. It is generally accepted that the intracellular
ROS concentration increases after plasma treatment due to an increased influx of
extracellular RONS into the cells [32,71-76]. The extracellular RONS produced in PTW
undergo multiple reactions, as listed below [77], which play an essential role in cancer

cell death through oxidative stress.
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NO»™ + H202 — ONOO~+H.0 (1)

H* + ONOO~ —» ONOOH )
ONOOH — % °NO:+°OH 3)
ONOO™ + H202 — % 02+ H0+NO>" (4)
H202 + *OH — HxO + HO2* (5)
HO2* + 02*" + H' — 5 02+ H20: (6)
l-arginine + NOS —» l-citrulline + NO* (7)
02*~ + NO* — ONOO™ (8)
Hz\(..)\zn\-'l'-"c‘ata-lasc\\ — ,__H:.zO-'-F"I/Z'E)“z/’ 9)

=

ONOO” +fcatalase ~ —» NOz+1202  (10)
It was reported that extracellular RONS can trigger membrane-associated intracellular
signaling, which results in cell death [78]. As seen from our chemical analysis, PTW
comprises H202 and NO2™ (next to NO3™), and these species are long-lived, so they are
stable in PTW. The reaction between H202 and NO2™ generates ONOO™ (eq. 1) (see
Figure 3C). Subsequently, protons derived from the membrane-associated proton pump
react with ONOO™ to generate ONOOH (eq. 2). ONOOH decomposes to *NO2 and *OH
(eq. 3). Another possibility is that ONOO™ reacts with H202 to form 'Oz (eq. 4).
Subsequently, *OH reacts with H202 to form HO2® (eq. 5), and HO2® reacts with O2°*~
(generated by NOX enzyme) into 'Oz (eq. 6). 'Oz produced from eq. 4 and 6 either
activates the FAS receptor (ligand independent pathway) [79] or deactivates catalase
through reaction with histidine (active site of catalase) [80,81] or a combination of both.
The FAS receptor activation results in FAS-associated death domain protein (FADD)
activation, which activates caspase-8, followed by NOS and NOX activity [77]. The
activation of caspase-8 activates capase-3 and later PARP, which results in cell death [82].
This is one pathway that may occur in our system.

Another possible pathway is that the enhancement of NOS (Figure 7F also shows
high iNOS generation after PTW treatment) and NOX generates NO® (eq. 7). The latter
reacts with O2°7, to form ONOO™ (eq. 8). Hence, the concentration of ONOQO™ increases,

as it is generated by egs. 1 and 8, and through eq. 4 it generates 'O2. Hence, we expect
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the concentration of 'Oz to increase in our system, directly related to catalase inactivation
(Figure 3C).

As more catalase enzyme is deactivated, H2O2 and ONOO™ will not be converted into
H20 and NO2™, respectively, by eqs 9 and 10 (hence the cross through these reactions).
So, the available H2O2 enters the cell, e.g., through aquaporin [83], to increase the
intracellular ROS concentration. Furthermore, the available ONOO™ converts to *OH by
eqs 2 and 3. The *OH reacts with the cell membrane lipids, resulting in lipid peroxidation,
which triggers a cell death pathway [84]. Additionally, the antioxidant mechanisms will
fail inside the cell due to the excess intracellular RONS concentration, which results in
DNA damage and leads to cell death, as displayed in Figure 3C. However, more research
will be needed to elucidate the exact mechanisms and specify the role of other antioxidant

defense mechanisms, which are not yet included in the present hypothesis.

5. Conclusions

For the first time, we have presented the systemic application of PTW to treat lung cancer
via oral administration. We demonstrated that both single and repeated oral doses of PTW
could be non-toxic in the maximum volume for rodents, suggesting safety for clinical use.
Furthermore, no specific target or clinical signs were detected after oral administration of
PTW. Further, the oral administration of PTW showed favorable anticancer activities
through oxidative stress to the implanted tumor cells in the mice. PTW treatment inhibited
proliferation and angiogenesis. Interestingly, PTW showed a clear improvement of
cachexia and immunostimulation, unlike the chemotherapeutic drug, gefitinib. In a
further study, we should evaluate the long-term effects of PTW for the treatment of

NSCLC and the relevant mechanisms.
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Figure Captions

Figure 1. Schematic diagram of the atmospheric pressure plasma jet. Atmospheric
pressure plasma jet was used here (A), current-voltage graph indicated in (B), OES

spectrum (C) and RONS data (D).

Figure 2. Schematic illustration of PTW uses in vitro and in vivo studies (A) and

experimental procedure of anticancer in vivo studies (B).

Figure 3. Antitumor effect of PTW and gefitinib. NCI-H520 cells were treated with
plasma-treated water (PTW, A) or with gefitinib (B) at the indicated doses for 72 hrs.
The cell viability was compared with that of non-treatment and expressed as the mean
+ S.D. (six independent assays). The probable mechanism of anticancer effect of

PTW shown in (C)

Figure 4. Body weight changes and tumor growth. NCI-H520 xenograft tumor
bearing (TB) mice were orally administered with distilled water (TB control),
gefitinib or PTW at 2.0, 1.0 and 0.5 ml’kg (PTW2.0, PTW1.0 and PTWO.5,
respectively). Kinetic changes of body weight (A) and tumor volume (vol.) (B) were
assessed, and the tumor was exposed after treatment for 35 days (C). Scale bars
indicate 15 mm. Body weight excluding the tumor was assessed, and weight gains
were calculated by subtracting body weights at pre-treatment from day 35 post-
treatment (D). Then, the absolute tumor weight (E) and the relatives to the body
weights (F) were assessed. The values are expressed as the mean + S.D. (eight mice
per group). I p<0.01 versus intact group, and ** p<0.01 and * p<0.05 versus the TB
control group. The kinetic analyses were examined by two-way ANOVA, and others

were by one-way ANOVA, followed by LSD post hoc tests.

Figure 5. Effects on immune responses. Levels of serum (A) and splenic (B)
cytokines were assessed. The cytokines include interleukin (IL)-6, interferon (IFN),
tumor necrosis factor (TNF)-a, IL-1 and IL-10. The activity of splenic and peritoneal
natural killer (NK) cell was assessed by a chromium (*'Cr) release assay. The values

are expressed as the mean + S.D. (eight mice samples per group). ¥ p<0.01 and T
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p<0.05 versus intact group, and ** p<0.01 versus the TB control group, by non-
parametric analyses followed by the Mann-Whitney U post-hoc test for data of IL-6
and IFN-y or by one-way ANOVA followed by LSD post hoc tests for others.

Figure 6. Effects on tumor mass. Tumor tissue was stained with hematoxylin and
eosin, and the representative pictures are shown as low- and high-magnification on
the left and right, respectively (A). Dotted area indicates necrotic tissues in the tumor
mass. Scale bars indicate 100 um. The tumor cell area was assessed, and the values
are expressed as the mean + S.D. (eight mice samples per group) (B). ** p<0.01

versus the TB control group, by one-way ANOVA followed by LSD post hoc tests.

Figure 7. Immunohistochemistry in tumor mass. Tumor tissue was immunostained
for caspase-3 and poly (ADP-ribose) polymerase (PARP) (for apoptosis), Ki-67 and
cluster of differentiation (CD)31 (for cell proliferation and angiogenesis,
respectively), nitrotyrosine (NT) and 4-hydroxynonenal (4HNE) (for oxidative
stress), and inducible nitric oxide synthases (iNOS) and tumor necrosis factor (TNF)-
a (for immune activities) (A). Scale bars indicate 100 um. The percentage of
immune-reactive cells are shown in (B-E). The values are expressed as the mean *
S.D. (eight mice samples per group). ** p<0.01 versus the TB control group, by one-
way ANOVA followed by LSD post hoc tests.

Figure 8. Effects on the immune organs and fat tissues. Representative pictures for
immune organs of spleen and lymph node and fat tissue are shown in low- and high-
magnification on the left and right, respectively. Arrows indicate lymphoid follicles
in the spleen and lymph node, and dotted line is for a range of the fat tissue. Scale
bars indicate 400 um in the spleen and lymph node, and 100 pm in the fat tissues.
WP = white pulp, RP =red pulp, G = secondary follicle, CO = cortex, ME = medullar,
FO = follicle.
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Figure 5.
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Figure 6.
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Table 1. Histopathological changes on the spleen, lymph node and periovarian fat tissues of NSCLC mice model.

Intact TB control Gefitinib PTW2.0 PTW1.0 PTWO0.5
Spleen
Thickness (mm) 1.70+0.15 1.07+0.11% 1.1340.16* 1.54+0.13%" 1.36+0.10%™ 1.26+0.13%"
White pulps (n/mm?) 14.88+2.23 5.63+1.69% 5.75+1.28% 11.75+£2.25%" 10.00£1.15%™ 8.88+1.25%"

693.67+119.9 531.814+72.25%"

White pulp diameters (um) 289.92+43.78%  296.18+30.08* 454.87+78.85%"  361.05+£40.85%™

5

Lymph node

Thickness (mm) 0.99+0.16 0.44+0.13% 0.46+0.14* 0.81+0.14%" 0.75+0.10%" 0.64+0.76%""

Lymph follicles (n/mm?) 23.50+5.26 6.38+1.51% 6.88+1.46% 16.50+2.335™  14.88+3.14%" 12.75+3.88%
I’*

Cortex thickness (um) 5084949198  163.24+52.84%  150.6277.30F SAOBETTS0" 205 93465 548" 238 55444 964"

Fat tissues
Thickness (mm) 1.82+0.35 0.27+0.11% 0.25+0.11% 1.1940.22%™ 0.67+0.11+" 0.59+0.13%"
Adipocyte diameters (um) 67.68+15.83 12.64+3.35 13.66+£3.58F  35.67+7.41%"  23.90+4.70%™ 18.10+£3.01+™

The values are expressed as the mean + S.D. for eight mice. { p<0.01 and T p<0.05 versus the intact group and ** p<0.01 and * p<0.05
versus the TB control group, by one-way ANOVA followed by LSD post hoc tests.
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