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A B S T R A C T

Breast cancer is a heterogenous disease which can be classified into subtypes by the presence or absence of
estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor 2 receptor (HER2). Cold
atmospheric plasma (CAP) has been shown to be a potential treatment for cancer. In this report, a 92–99%
reduction of viability by CAP treatment was achieved across all seven tested breast cancer cell lines (p≤ 0.05).
Increasing treatment duration and power significantly reduced breast cancer cell viability (** f(2,2) ≤ 0.0176,
*** f(5,14) ≤ 0.0033). The authors are the first to report that breast cancer sensitivity to CAP is based on receptor
status. Cells with identical receptor status showed the least difference in CAP sensitivity (p ≤ 0.05), the dif-
ference being 33% between the two ER+/PR+/HER2- cell lines (p ≤ 0.05) and 22–44% between the three
TNBC cell lines (p≤0.05). HER2-negative cell lines, irrespective of ER/PR status, also showed ≤ 50% difference
in CAP sensitivity (p ≤ 0.05). Moreover, demonstration of ER-/PR-/HER2+ CAP susceptibility and ER+/PR
+/HER2+ CAP resistance suggests that ER/PR status is a significant factor in determining CAP sensitivity in
HER2-positive cells. Our novel findings on CAP sensitivity will provide insight on how to optimize CAP treat-
ment to better overcome CAP resistance and thus prevent tumor recurrence.

1. Introduction

Among women worldwide, breast cancer is the most frequently
diagnosed cancer and the most common cause of cancer death [1]. The
major breast cancer molecular subtypes are based on estrogen receptor
(ER), progesterone receptor (PR) and human epidermal growth factor
receptor 2 (HER2) expression [2]. With a total of eight combinations of
ER, PR and HER2 expression [3], breast cancer is acknowledged as a
highly complex disease. Molecular profiling, however, can provide in-
formation on disease prognosis and therapeutic approach [4,5].

Approximately 75% of breast cancers are ER-positive (ER+) [6–8]
while 55–65% are PR-positive (PR+) [7,8]. Survival rates of patients
are highest with ER+/PR+ tumors, intermediate with either ER+/PR-
or ER-/PR+ tumors, and lowest with ER-/PR- tumors [9]. Several
studies have reported changes in hormone receptor status between

primary and metastatic breast cancer with discordance rates estimated
to be 20% for ER and 40% for PR (both of which are higher than HER2
discordance rate) [10–13. Patients with discordant receptor status have
lower rates of survival than patients with consistent receptor status
possibly due ineffective therapeutic interventions compared to patients
with consistent receptor status [13]. Tamoxifen, a selective estrogen-
receptor modulator, reduces risk of disease recurrence by 47% after 5
years and mortality by 26% after 10 years in ER+ patients [14] but
increases the risk for thromboembolic events significantly [15]. Ad-
ditionally, the absence of ER expression is associated with de novo re-
sistance to tamoxifen [16]. In comparison, patients treated with le-
trozole, an aromatase inhibitor, had a lower chance of relapse over a 5
year period but reported increased incidences of adverse events [17].

HER2 amplification (HER2+) occurs in approximately 25–30% of
primary human breast cancers and is the most significant prognostic
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factor compared to other factors such as ER, PR, tumor size, and age
[18,19]. HER2, in addition to other human epidermal growth factor
(hEGF) receptors, is involved in a complex network of pathways that
are responsible for signaling normal cellular processes such as cell
growth, migration, differentiation, and death [20]. An overexpression
of HER2, therefore, promotes aggressive tumor behavior which is
characterized by significantly decreased rates of disease-free and
overall survival [18,19]. Trastuzumab (Herceptin), a humanized
monoclonal antibody developed to target and inhibit the function of
HER2 [21], is a generally well-tolerated monotherapy for metastatic
HER2-positive breast cancers [22,23]. Randomized trials have reported
adjuvant and neoadjuvant trastuzumab improved chance of overall
survival in HER2+ breast cancer patients than those who received only
chemotherapy [24–26. However, risk of cardiac dysfunction was sig-
nificantly raised in combination with anthracycline and cyclopho-
sphamide according to Slamon et al. [26]. Moreover, a 25–35% chance
of central nervous system metastasis 6–12 months after the start of
trastuzumab-based therapies due to the inability of trastuzumab to
cross the blood-brain barrier have been reported [27–29]. FDA-ap-
proved dual anti-HER2 regimen, pertuzumab in combination with
trastuzumab and docetaxel, significantly improved progression-free
survival but with > 30% of patients exhibiting side effects such as
diarrhea, neutropenia, nausea, fatigue, and peripheral neuropathy [30].

The overexpression of ER, PR, and HER2 is classified as triple po-
sitive breast cancer (TPBC) [31]. It is estimated that 10% of all breast
cancer tumors are ER+/PR+/HER2+ [32,33]. Since HR and HER2
receptors are expressed, TPBCs can be treated with hormonal and
HER2-targeted therapies. Overall and disease-free survival in ER+/PR
+/HER2+ patients significantly improves in response to a combina-
tion of endocrine therapy, trastuzumab, and chemotherapy [34].
However, endocrine therapy resistance has been linked to crosstalk
between ER and HER2 signaling pathways [35–37].

Triple negative breast cancer (TNBC), characterized by the lack of
expression of ER, PR, and HER2, accounts for approximately 10 to 20%
of all breast cancers [38–41. Compared to all other breast cancer phe-
notypes, TNBC has a significantly higher the rate of recurrence and risk
of metastatic spread to the lungs, liver, and brain despite adjuvant
chemotherapy [40,41]. While neoadjuvant chemotherapies have
achieved higher rates of pathologic complete response in TNBC patients
than in non-TNBC patients, TNBC patients with residual disease have
higher recurrence and death rates in the first 3 years than non-TNBC
patients with residual disease [42]. TNBC patients do not respond to
endocrine therapies or HER2-targeted therapies, such as trastuzumab
[43,44]. Recently there has been a growing interest in TRAIL (TNF
(tumor necrosis factor)-related apoptosis-inducing ligand) which acti-
vates Death Receptors (DR.) 4 and 5 to induce apoptosis [45]. Potential
TRAIL-targeting therapies have demonstrated the ability to induce
apoptosis in TNBC cell lines with a mesenchymal phenotype [46] and
suppresses tumor growth and metastasis in mice models [47,48]. An-
other target of interest for TNBC are cyclin dependent kinases (CDK) or
cell cycle regulators [49]. Several FDA-approved CDK4/6 inhibitors
(palbociclib, ribociclib and abemaciclib) have been shown to improve
survivability, although accompanied by neutropenia, fatigue, nausea
and diarrhea [49]. Up until recently, TNBC treatment options were
limited to surgery, chemotherapy, and radiotherapy [44], however, the
development of therapies non-dependent on receptor status is pro-
mising for TNBC patients.

Cold atmospheric plasma (CAP) technology utilizes ionized gas for
various applications such as wound healing [50], HIV treatment [51],
and cancer treatment [52]. Since the introduction of the first plasma-
producing electrosurgical device by Morrison 40 years ago [53], there
have been many advancements in plasma technology. The Canady Cold
Plasma Conversion System (CCPCS), composed of the Canady Helios
Cold Plasma Scalpel with the USMI Canady Cold Plasma Conversion
Unit, is a novel electrosurgical system that produces CAP for the
treatment of surgical margins upon tumor resection (U.S. Patent No.

9999,462) [54]. One of the advantages of CCPCS is that the CAP tem-
perature remains between 26 and 30 °C during the duration of the
treatment [55] and does not cause any thermal or physical damage to
normal tissue [56]. Our previous studies have demonstrated the ability
of the system to significantly reduce the viability of various malignant
solid tumor cell lines (including pancreatic adenocarcinoma, renal
adenocarcinoma, esophageal adenocarcinoma, colorectal carcinoma,
and ovarian adenocarcinoma) by 80–99% 48 h post-CAP treatment
[57]. For breast adenocarcinoma, TNBC in particular, an 80% reduction
of cell viability was achieved 48 h after treatment with the CCPCS [55].

In this study we evaluated the efficacy of the CCPCS on various
breast cancer cell lines based on ER, PR, and HER2 status. The human
breast cancer cell lines that were studied include MCF-7, T-47D, SK-BR-
3, BT-474, MDA-MB-231, Hs578T, and HCC1806. Receptor status of
these cell lines are shown in Table 1.

2. Methods

2.1. Cold plasma device

All experiments were performed at Jerome Canady Research
Institute for Advanced Biological and Technological Sciences, Takoma
Park, MD, USA, using the Canady Cold Plasma Conversion System. Our
electrosurgical device, consists of the USMI SS-601 MCa high-frequency
electrosurgical generator (USMI, Takoma Park, MD, USA) integrated
with a USMI Canady Cold Plasma Conversion Unit and connected to a
Canady Helios Cold Plasma ™ Scalpel. The conversion unit has three
connectors: a gas connector (to a helium tank), and electrical connector
(to the generator), and an electro-gas connector (to the scalpel). The
conversion unit also features a high voltage transformer that up-con-
verts voltage up to 4 kV, down-converts frequency to less than 300 kHz,
and down-converts power less than 40 W. Additional details and
schematics on plasma generation by CCPCS can be found in our pre-
vious study [55]. The helium flow rate was set to a constant 3 L/min
and the power was set to 80, 100 and 120 P The plasma scalpel tip was
placed 1.5 cm above the surface of the cell media and remained un-
moved for the duration of the treatment. The CAP treatment was per-
formed in a laminar flow tissue culture hood, Purifier Logic+ Class II,
Type A2 Biosafety Cabinet (Labconco, Kansas City, MO, USA) at room
temperature.

2.2. Cell culture

Human breast cancer cell lines T-47D, SK-BR-3, and BT-474, were
purchased from ATCC (Manassas, VA, USA). MCF-7, MDA-MB-231,
Hs578T, and HCC1806 were generously donated by Professor Kanaan's
laboratory at Howard University. All cell lines except SK-BR-3 were
cultured in Roswell Park Memorial Institute (RPMI) 1640 Medium
supplemented with 10% fetal bovine serum (Sigma-Aldrich, St. Louis,
MO, USA) and 1% Pen Strep (Thermo Fisher Scientific, Waltham, MA,
USA) in a 37 °C and 5% CO2 humidified incubator (Thermo Fisher
Scientific, Waltham, MA, USA). The exceptions for culture conditions
include T-47D, which was additionally supplemented with 0.5 mg/mL

Table 1
A list of the seven human breast cancer cell lines tested in this study along with
receptor status.

Cell Line ER (+/-) PR (+/-) HER2 (+/-) References

MCF-7 + + – [58,59,60,61]
T-47D + + – [60,61]
SK-BR-3 – – + [58,59,60,61]
BT-474 + + + [59,60,61]
MDA-MB-231 – – – [58,59,60,60]
Hs578T – – – [59,60]
HCC1806 – – – [59,61]
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insulin, and SK-BR-3, which was cultured in McCoy's 5A Medium. When
cells reached approximately 80% confluence, cells were seeded at a
concentration of 105 cells/well into 12-well plates (USA Scientific,
Ocala, FL, USA) with a 1 mL media volume per well for cell viability
assays.

2.3. Cell viability assay

Thiazolyl blue tetrazolium bromide (MTT) assay was performed on
the cells 48 h after plasma treatment following the manufacturer's
protocol with all MTT assay reagents purchased from Sigma-Aldrich (St.
Louis, MO, USA). The absorbance of the dissolved compound was
measured by BioTek Synergy HTX (Winooski, VT, USA) microplate
reader at 570 nm.

2.4. Statistics

All viability assays were repeated 3 times with 2 replicates each.
Data was plotted by Microsoft Excel 2016 as the mean± standard error
of the mean. A student t-test or a one-way analysis of variance (ANOVA)
was used to check statistical significance where applicable. The differ-
ences were considered statistically significant for * p≤ 0.05. A one-way
multivariate analysis of variance (MANOVA) followed by a Post-Hoc
test was used to check statistical significance where applicable. The
differences were considered statistically significant for ** f ≤ 0.0176
and for *** f ≤ 0.0033.

3. Results

3.1. Reduction of viability by cap in breast cancer cell lines

Various operational parameters of the CCPCS were tested to de-
termine the optimal CAP dosage for each breast cancer cell line. A flow
rate of 3 L/min was selected for all experimental conditions with power
settings of 80, 100, and 120 P Treatment duration ranged from 1 to
6 min to reduce viability by at least 90%. MTT assays were performed
to assess viability 48 h post-CAP treatment.

Fig. 1A-C demonstrates that CAP produced by the CCPCS had a clear
time and dose dependent effect on the reduction of viability across all
seven breast cancer cell lines that were tested. Viability data categor-
ized by cell line subtypes can be found in Suppl. Figs. 1-4. Helium (0p),
for the maximum treatment duration, minimally reduced cell viability
(Suppl. Figure 4) with no significant effect on MDA-MB-231 and
HCC1806 viability (Suppl. Figure 4). Increasing power and treatment
duration from 40 to 80 P for 1–5 mins (from our previous study) to
80–120 P for 1–6 min (in our current study) yielded a greater reduction
of viability in MDA-MB-231 (Suppl. Figure 5). Treatment duration and
power variability significantly reduced breast cancer cell viability, as
shown in Suppl. Figures 6–12 (** f(2,2) ≤ 0.0176, *** f(5,14) ≤ 0.0033).
Ultimately, a 92–99% decrease in breast cancer viability was achievable
across all breast cancer cell lines 48 h after 120 P at 5 or 6 min of CAP
treatment (p ≤ 0.05) (Fig. 1A-C).

The viabilities of both the ER+/PR+/HER2- cell lines, MCF-7 and
T-47D were reduced to approximately 1% (p ≤ 0.0001) and 5%
(p ≤ 0.0001), respectively, after given the highest CAP dose of 120 P
for 6 min (Fig. 1A-C). For SK-BR-3, it was unnecessary to extend CAP
treatment duration past 5 min since viability was already reduced by
99% after 5 min of CAP treatment at all tested powers (p ≤ 0.0001)
(Fig. 1A-C). Even with 80 P 1 min of CAP treatment, the most minimal
dose, SK-BR-3 viability was nearly halved (p≤ 0.015) in contrast to all
other cell lines (Fig. 1A). Unlike ER-/PR-/HER2+ cells, TPBC cells,
required stronger doses and longer treatment to reduce viability
(Fig. 1A-C). Treatment of 5 min at 100 P was the minimum CAP dosage
to halve BT-474 viability (p ≤ 0.01) (Fig. 1A-C). The only dosage to
decrease BT-474 viability by > 80% was 120 P for 6 min, by which
viability was reduced to 5% (p ≤ 0.0001) (Fig. 1A-C). Viabilities were

reduced by 92–98% (p ≤ 0.0001) in all three TNBC cell lines with
HCC1806 showing the greatest overall CAP resistance (Fig. 1A-C).
Amongst all seven tested breast cancer cell lines varying in receptor
status, our data demonstrated ER-/PR-/HER2+ cells to be the most
CAP susceptible and TPBC cells to be the most CAP resistant (Fig. 1A-C).

To evaluate whether receptor status was also significant factor in
the reduction of viability by CAP treatment, the statistical significance
of viability data was considered between cell lines across all treatment
condition, displayed in Fig. 2A. We found there was a 33% difference
between the two ER+/PR+/HER2- cell lines (p≤ 0.05) and a 22–44%
difference between the three TNBC cell lines (p ≤ 0.05) (Fig. 2B),
suggesting breast cancer cells with identical receptor status have similar
susceptibility to CAP. This is also further supported by the 17–50%
difference between HER2-negative cell lines (p ≤ 0.05). Compared to
all other cell lines, the ER-/PR-/HER+ cell line was the most sig-
nificantly different by 73–93% (p ≤ 0.05) (Fig. 2B), indicating ER-/
PR-/HER2+ as a significant factor contributing to CAP susceptibility.

4. Discussion

The purpose of this study was to determine the sensitivity of breast
cancer cell lines to CAP treatment based on the receptor status.
Identical receptor status showed the least difference in CAP sensitivity
within the two ER+/PR+/HER2- cell lines (33%) and the three TNBC
cell lines (22–44%) (p ≤ 0.05) (Fig. 2B). HER2-negative status, irre-
spective of ER/PR status, also showed ≤ 50% difference in suscept-
ibility when cell lines MCF-7 (ER+/PR+/HER2-), T-47D (ER+/PR
+/HER2-), MDA-MB-231 (ER-/PR-/HER2-), Hs578T (ER-/PR-/HER2-),
and HCC1806 (ER-/PR-/HER2-) are compared (p ≤ 0.05) (Fig. 2B).
Moreover, in the presence of HER2+ status, ER/PR status is significant
in determining CAP sensitivity when Sk-Br-3 (ER-/PR-/HER2+) and
BT-474 (ER+/PR+/HER2+) are compared (Fig. 2). While 1 min of
CAP treatment, regardless of power, nearly halved CAP-sensitive Sk-Br-
3 viability (p ≤ 0.015), it required 5 min 100 P of CAP to produce the
same result in CAP-resistant BT-474 cells (p≤ 0.01) (Fig. 1). Although
significant resistance of TPBC to CAP treatment was demonstrated, we
were able to significantly reduce the viability of TPBC cell viability by
95% (p ≤ 0.0001).

Our data suggests that ER/PR status is most important determining
factor in CAP susceptibility for HER2+ breast cancer cells. Testing
additional TPBC and ER-/PR-/HER2+ cell lines in future studies could
further supplement our findings on CAP sensitivity. Nonetheless, our
current data suggests molecular profile should be considered when
determining the optimal CAP dosage for the treatment of breast cancer,
especially in HER2+ breast cancer. Potentially, adjuvant and neoad-
juvant trastuzumab or hormonal therapy alongside CAP treatment
could improve the chance of overall survival in HER2+ breast cancer
patients. The molecular pathway that determines the susceptibility of
HER2+ cells to CAP treatment warrants further investigation. An in-
sight on CAP mechanism will give us a better understanding on how to
optimize CAP treatment to better overcome CAP resistance.

We hypothesize that differential regulation of apoptotic genes is the
major contributor to CAP selectivity. The importance of apoptotic
malfunction in the TNBC prognosis is well documented in several stu-
dies [62]. Poor prognosis in TNBC is attributed to pro-survival factors,
such as B-cell lymphoma 2 (Bcl-2) [63] and myeloid cell leukemia 1
(Mcl-1). Additionally, TRAIL receptors also contribute to apoptosis
dysregulation, however targeted therapies against TRAIL and several
DRs have failed to improve patient outcomes [64]. By identifying and
targeting molecular markers responsible for CAP resistance, we expect
to see a greater reduction of viability by smaller CAP dosages.

The authors acknowledge that there is the question to whether
different cell media influences CAP sensitivity. In this study, SK-BR-3
was the only cell line to be cultured in McCoy 5A media as opposed to
RPMI 1640 (all of which was in accordance to ATCC recommenda-
tions). A study done jointly with The George Washington University,
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investigated the interaction between CAP-generated effective species
and amino acids present in the media. It was concluded that cysteine
and tryptophan consumed the most CAP-generated effective species,
thus weakening the anti-tumor ability of CAP on cells [65]. However,
when glioblastoma and breast cancer cells were cultured in the same
type of media, glioblastoma cells consumed CAP-generated effective
species at a faster rate than breast cancer cells, suggesting distinct ex-
pression of extracellular proteins dependent on cell line [65]. Gene
profiling in our subsequent study will reveal that oxidative stress-re-
lated genes cause preferential uptake of reactive oxygen and nitrogen
species by CAP susceptible cells.

Thus far, we have demonstrated the promising cancer therapeutic
potential of the CCPCS. A phase I FDA Investigation Device Exemption
Approval clinical trial is currently undergoing in the United States and
Israel. As an electrosurgical device, CCPCS is used to apply CAP to the
surgical margins after tumor resection. We expect that the CCPCS will
prevent tumor recurrence thereby improve patient outcome. In addi-
tion, CAP treatment alongside chemotherapy can further improve
breast cancer management. Furthermore, our findings on CAP sensi-
tivity will be the foundation in the development of customized CAP-
based therapy regiments for various breast cancer subtypes.

5. Conclusion

There is a present demand for a therapy that effectively treats all
breast cancer subtypes regardless of receptor status since effectiveness
of current endocrine and HER2-targeted therapies are dependent on
receptor status [43,44]. To this end, we offer CCPCS as a solution after
demonstrating its ability to reduce breast cancer viability by 92–99%
(p ≤ 0.05) regardless of receptor status. Our study revealed that mo-
lecular profiling is necessary when selecting appropriate CAP dosages
especially in HER2-positive breast cancers in which ER/PR status is a
significant factor in determining CAP sensitivity. Future studies on cell
cycle change and apoptosis initiation, are necessary to confirm CAP-
induced cell death by CCPCS. Identification of molecular signaling
pathways are also warranted. Understanding CAP mechanism behind
CAP sensitivity is key to increasing CAP effectiveness thereby better
preventing tumor recurrence.
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