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AbstrAct: Cancer immunotherapy is a promising strategy that engages the patient’s im-
mune system to kill cancer cells selectively while sparing normal tissue. Treatment of macro-
phages with a nanosecond-pulsed dielectric barrier discharge directly enhanced their cytotoxic 
activity against tumor cells but not normal cells. These results underscore the clinical potential 
of plasma for cancer immunotherapy.
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I. INTroDuCTIoN

Most of the chemotherapeutic agents and radiation used for treatment of cancers are not 
tumor specific and rely on their differential toxicity against tumor and noncancerous 
cells.1 Damage occurs to both cancerous and normal cells, but normal tissue is better 
able to repair cellular damage and recover.2,3 The usefulness of many of these treatments 
is compromised by the serious side effects that result from their use.4,5 Because they are 
administered systemically, they are distributed to tissues throughout the body and may 
produce damage to susceptible organs.1,4,6 In patients with incurable cancers in which 
palliation of symptoms is the goal, the severity of side effects may be worse than the 
disease itself.4,7–9 Therefore, the challenge of getting maximal therapeutic benefit while 
minimizing toxicity for anti-cancer therapies remains. 

Non-equilibrium, atmospheric pressure plasma has been shown to exhibit compa-
rable selectivity against tumor cells, so plasma development for cancer treatment has fo-
cused mainly on direct tumor cell killing both in vitro and in vivo.10–15 Ablative reduction 
of tumor masses has been demonstrated by most studies. The involvement of the immune 
system in the resolution of this disease with plasma has largely been ignored.5,16,17 For 
greatest clinical efficacy, plasma should attack cancerous cells selectively, preserve the 
integrity of surrounding normal tissue, and engage the body’s natural innate and adap-
tive immunity against cancer.18 Because the immune system is designed to discriminate 
between self and non-self,19 tuning of plasma treatment to allow the immune system to 
retain this property could enhance the selectivity of both plasma and the immune sys-
tem. The identification of non-self, danger signals is the function of antigen-presenting 
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cells (APCs) such as macrophages and dendritic cells.19–22 Macrophages, originating 
from bone marrow progenitor cells, are key APCs.20,23 These progenitor cells develop 
into monocytes when released into the bloodstream and differentiate into tissue-specific 
macrophages displaying different phenotypes depending on the local environment.24,25 
Activated pro-inflammatory macrophages secrete factors and cytotoxic substances such 
as tumor necrosis factor α (TNF-α) and reactive oxygen and nitrogen species capable of 
killing cancerous cells.26–28 Secretion of these factors can activate macrophages to exert 
their direct anti-tumor effects.29–31

We have reported previously the enhancement of migration and anti-tumor function 
of macrophages in vitro by plasma (Table 1).32–35 In vivo effects of plasma treatment 
include differentiation of hemocytes in the lymph organs 48 h after plasma exposure of 
Drosophila melanogaster larvae,36 but the effect of plasma activated macrophages on 
normal cells has not been examined. 

In this study, we tested the hypothesis that the selectivity of plasma effects against 
cancer can be enhanced via direct engagement of immune cells. We treated human mac-
rophages (differentiated THP-1 monocytes) with a nanosecond-pulsed dielectric barrier 
discharge (nspDBD) plasma. Bekeschus et al. treated THP-1 monocytes to study their 
redox modulation response to plasma.44 We co-cultured macrophages with human lung 
carcinoma cells (A549) or normal lung epithelial cells (Beas2B), unexposed to plasma, 
in semipermeable Transwell inserts (Fig. 1). This system separated the two cell types 
from direct contact but allowed for the exchange of soluble factors and signals in the 
medium. Cancer cell viability was quantified 48 h later to determine anti-tumor activity 
of macrophages. 

Our results showed that plasma enhanced anti-tumor activity of macrophages 
through direct stimulation. While cancer cell viability decreased, normal cells remained 
unaffected. Therefore, further development of plasma to improve overall selectivity of 
treatment will provide a more efficacious and safe option for cancer immunotherapy. 

tAbLE 1: Plasma has been reported to augment several macrophage functions
Macrophage function for which plasma has demonstrated effect reference(s)
1. Cytokine secretion 34
2. Migration to and from immune organs 35
3. Antigen presentation to T and B cells 37–40
4. Cancer cell killing 32,38,39
Macrophage function for which plasma effect has not been demonstrated
5. Recognition of foreign antigens 41,42
6. Phagocytosis of foreign targets 41,42
7. Recruitment of other immune cells 43
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II. MATErIAlS AND METHoDS

A. Cell Culture and Plating

Human lung carcinoma cells (A549, ATCC: CCL-185) and normal human lung epithelial 
cells (Beas2B, ATCC: CRL-9609) were a gift from Dr. Bela Peethambaran (University of 
the Sciences, Philadelphia, PA). The human monocyte cell line (THP-1, ATCC:TIB-202) 
was a gift from Dr. Kara Spiller (Drexel University, Philadelphia, PA). All cells were 
cultured in RPMI 1640 with 10% fetal bovine serum and 1% penicillin/streptomycin or 
RPMI 1640 with 10% heat inactivated fetal bovine serum and 1% penicillin/streptomycin 
(Corning Life Sciences) and grown at 37°C with 5% CO2 in a humidified atmosphere. 

Cells were seeded at near confluency into 24-well plates (0.5 mL/well) 1 d be-
fore plasma treatment. A549 cells were plated at 3.0 × 105 cells/mL, Beas2B cells were 
plated at 4.0 × 105 cells/mL, and THP-1 cells were plated at 1.4 × 106 cells/mL. Before 
plasma treatment, cell culture media were emoved and cells were washed twice with 
phosphate-buffered saline (PBS). PBS from the second wash was removed right before 
plasma treatment and 0.5 mL of complete cell culture medium was added immediately 
after plasma exposure.

B. Differentiation of THP-1 Monocytes to M0 Macrophages

THP-1 cells were differentiated into M0 macrophages 1 d before experiments by the ad-
dition of 0.5 µL of 100 µL/mL phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich) 

FIG. 1: Transwell co-culture systems separated the macrophages and cancer cells from direct 
contact, but allowed for the exchange of soluble factors and signals through the medium. (A) Dif-
ferentiated THP-1 monocytes (M0 macrophages) were exposed directly to plasma to stimulate 
the release of anti-tumor factors. Non-plasma-exposed A549 human lung carcinoma cells were 
cultured in the Transwell inserts having membranes with 0.4 μm pores.
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into the medium of each well in the 24-well plate or 24-well insert. Cells were incubated 
overnight and PBS was used to wash differentiated cells before plasma treatment and 
co-culture. 

C. NspDBD Plasma Treatment Parameters

Cells were treated with nspDBD plasma as described in previous publications (Fig. 
2).32,60 Briefly, we used a nanosecond pulser (FPB-20-05NM, FID GmbH) to produce 29 
kV amplitude pulses and an external function generator (TTI, TG5011 LXT) to control 
pulse frequency. Each treatment was fixed at 10 sec and plasma was applied 1 mm above 
the cells. The energy of each pulse, measured in our previous work,60 was 0.9 mJ/pulse. 
Together with frequency and treatment time, the total plasma energy delivered to the cell 
was calculated. Plasma treatment parameters are listed in Table 2.

D. Cell Viability Assay

Cell viability was assessed with a propidium iodide (PI) (Thermo Fisher Scientific) ex-
clusion assay. Damaged cell membranes allow for PI, a fluorescent agent, to penetrate 

FIG. 2: NspDBD plasma treatment system. (A) High-voltage pulses are delivered by a nano-
second pulser and with a function generator. (B) A z-positioner was use to position the electrode 
above the cells in the 24-well plate. (C) Plasma is generated in direct contact with cells.
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into the cell and bind to DNA. One hour after plasma treatment, cells were detached with 
either 0.25% trypsin/0.1% EDTA in HBSS (Corning) or 5 mM EDTA in PBS (EMD 
Millipore) and stained with 100 μL/mL PI (Invitrogen). For co-culturing experiments, 
cells were collected and stained at 48 h after plasma and co-culture. An image cytometer 
(Nexcelom CBA Vision, Nexcelom Bioscience) was used to quantify live cells. FCS 
flow cytometry software (FCS 4.0, DeNovo Software) was used to perform size gating. 
To determine viability, live cell counts for each treatment group was normalized to the 
average live cell counts of the untreated controls and data are represented as a percent-
age of controls. 

E. Plasma-Treated Macrophages with Cancerous and Normal Cells

THP-1 M0 macrophages were exposed to plasma and co-cultured with either A549 or 
Beas2B cells. THP-1 monocytes were seeded into 24-well plates and differentiated into 
M0 macrophages with 0.5 μL of PMA (100 μL/mL) 1 d before to plasma treatment. 
A549 and Beas2B cells were seeded separately into Transwell inserts (Corning Life Sci-
ences) at 0.3 × 105 cells/insert with 600 μL in the basal layer. 

Cells were washed twice immediately before plasma treatment of M0 macrophages 
and 750 μL of complete THP-1 medium was added immediately after. Inserts with either 
A549 cells or Beas2B cells were placed into the plasma-treated wells and 750 μL of 
corresponding complete medium was added. Media were changed the next day and cells 
remained in culture for an additional 24 h before viability analysis. 

F. Statistical Analysis

Experiments were performed with a minimum of three replicates and repeated at least 
twice. Data are presented as mean ± SEM. One-way ANOVA with post hoc Dunnett’s 

tAbLE 2: nspDBD plasma treatment parameters
Parameter Value
Excitation Nanosecond pulsed
Regime Uniform
Voltage 29 kV
Rise time 2 ns
Pulse width 20 ns
Gap distance 1 mm
Energy per pulse 0.9 mJ/pulse
Frequency 5, 15, 30, 75 Hz
Treatment time 10 sec 
Plasma treatment energies 50, 100, 300, 700 mJ
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or Tukey’s multiple-comparisons test and two-way ANOVA test with post hoc Sidak’s 
multiple-comparisons test were performed in GraphPad Prism 6. p < 0.05 was consid-
ered significant.

III. rESulTS

A. Cancer Cells (A549) are More Sensitive to Plasma than Immune Cells  
     (THP-1) and Non-Cancerous Cells (Beas2B)

Cancer cells, normal tissue, and immune cells such as dendritic cells and macrophages 
are all present in the tumor microenvironment45 and will be exposed to plasma during 
treatment of tumors. Therefore, plasma regimes should be developed to deliver maximum 
cytotoxicity to cancerous cells with minimal damage to other cells. In this study, we used 
a lung carcinoma cell line (A549), a normal lung epithelial cell line (Beas2B), and PMA-
differentiated THP-1 macrophages (M0 macrophages) to represent the three cell types. 
We compared their susceptibility to plasma by measuring cell viability 1 h after treatment. 
Cells seeded into 24-well plates 1 d before treatment were exposed to nspDBD plasma at 
29 kV for 10 sec. Frequency of pulses was adjusted to deliver a range of plasma energies.

After plasma exposure, viable cells were quantified with a PI exclusion assay. We 
observed that plasma had an energy-dependent effect on cell viability; at low treatment 
energy (50 mJ), there was minimal effect on cell viability for all three cell types (Fig. 3). 
At higher energies, loss of viable A549 cells was greater than that of both normal lung 
epithelial cells and macrophages. This is consistent with previous reports and may be 
partially attributed to the different intracellular redox environments between normal and 
cancerous cells.46–48 Based on these results, we selected 100 and 300 mJ treatment for 
the subsequent experiment. 

B. Plasma Directly Enhanced Anti-Tumor Activity of Macrophages 

To investigate whether plasma can stimulate the anti-tumor activity of macrophages di-
rectly, we co-cultured plasma-treated M0 macrophages with A549 cells in a Transwell 
system for 48 h (Fig. 1). A549 viability after co-culture with macrophages not exposed to 
plasma was 58%. This served as our control for the baseline anti-tumor activity of macro-
phages in co-culture (represented in the figures as 0 mJ). Both 100 mJ and 300 mJ plasma 
treatment of macrophages reduced A549 viability to less than 43% (Fig. 4). Co-culture of 
plasma-treated macrophages with the normal Beas2B epithelial cells did not affect their 
viability. Taken together, these results strongly indicate that plasma can enhance cytotoxic 
activity of macrophages directly and selectively against cancerous cells.

IV. DISCuSSIoN

Conventional treatments, such as chemotherapeutics and radiation, are only partially 
tumor specific and destroy cancer cells in the body, often at the expense of significant 
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FIG. 4: Plasma-enhanced anti-tumor activity of M0 macrophages. To determine whether plasma 
stimulated macrophages could kill cancerous cells selectively, macrophages were exposed to 
plasma and co-cultured with either A549 cancer cells or normal Beas2B lung epithelial cells. Af-
ter 48 h of co-culture, both A549 and Beas2B cells were collected and viability was determined 
with a PI exclusion assay. Neither A549 nor Beas2B cells came in direct contact with plasma. 
Therefore, any observed killing effects are a result of secreted factors from macrophages. Data 
are shown as mean ± SEM. *p < 0.05, **p < 0.05, ***p < 0.001 (one-way ANOVA, Dunnett’s 
multiple-comparisons test).

FIG. 3: A549 lung carcinoma cells are more sensitive to plasma treatment compared with im-
mune cells (THP-1) and normal lung epithelial cells (Beas2B). Cells were seeded into 24-well 
plates 1 d before plasma treatment. A PI exclusion assay was performed 1 h after plasma treat-
ment and cell viability was determined by normalizing live cell counts to untreated controls. Data 
are shown as mean ± SEM. *p < 0.05, **p < 0.05, ***p < 0.001 (two-way ANOVA, Dunnett’s 
multiple-comparisons test).
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toxicity to normal tissue.2,4,6 In contrast, immunotherapy is focused on activating the 
body’s natural defenses to target tumors selectively for therapeutic benefit against can-
cer.1,16 This ensures that only cancer cells are destroyed by activated immune cells and 
that the host’s normal cells remain healthy.

Most recent advancements in plasma treatment of tumors have focused on optimi-
zation of ablative regimes and reduction of bystander effects on normal cells.13,49,50 By 
varying the energy deposited on target tissues, plasma regimes toxic to tumor cells and 
relatively safe for normal cells were identified for use. This may be done by varying 
treatment time, distance from source, carrier gases, voltage, and frequency. However, in 
animal models of cancer treated at these regimes, successful reduction in tumor volumes 
and increased mean survival were associated with damage to surrounding normal tissue 
and tumor recurrence when treatment was discontinued.13,49,50 We propose that moving 
away from ablative regimes of plasma for treatment into regimes that promote stimula-
tion of immune-mediated tumor cell killing may improve clinical outcomes and reduce 
damaging effects to neighboring tissue. Direct enhancement of immune cell function by 
plasma is an advantage of plasma for cancer immunotherapy. 

Plasma treatment of multiple human cell lines with our nspDBD system demon-
strated that cancerous cells are more sensitive to plasma compared with their normal 
counterparts even at lower energies (Fig. 3). This further supports that plasma can be 
safely applied to induce cell death in cancerous cells while minimizing damage to sur-
rounding normal tissue.

When macrophages were stimulated directly with plasma, they were more effective 
at killing A549 cells (Fig. 4). The killing activity of plasma-activated macrophages is, 
at least in part, due to the release of TNF-α,34 a proinflammatory cytokine known to be 
cytotoxic to cancerous cells.51,52 Kaushik, et al. reported that macrophages treated with 
plasma released TNF-α, which reduced viability of A549 cells in co-culture. This effect 
was reversed by lenalidomide, a TNF-α-specific inhibitor.34

There was no effect of plasma-activated macrophages on the normal lung epithelial 
cell line, suggesting that macrophages maintain their selectivity to kill cancerous cells 
when stimulated with plasma. The different outcomes on normal and cancer cells may be 
attributed in part to their response to the released cytokines. TNF-α is strongly cytotoxic 
toward tumor cells but induces interleukin 6 (IL-6) and IL-8 secretion from Beas2B 
cells, the normal cells.53,54 Both of these cytokines enhance cell survival and prolifera-
tion of normal epithelial/endothelial cell lines.55–58 This suggests that plasma-mediated 
cancer therapy may be applied safely for direct augmentation of immune cell function 
while preserving selectivity (Fig. 5). This is a significant advantage over radiation be-
cause APCs are among the most radiosensitive cells in the body.59 These effects are also 
observed in treatment of live whole organisms. Lee et al. reported that a single 10 sec 
treatment of Drosophila larvae increased the numbers of fully differentiated hemocytes 
in the lymph organ within 48 h.36 Development of these larvae was followed and they 
achieved physiological and developmental milestones similar to untreated larvae. This 
further supports the safety of plasma for development of future clinical applications.
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V. CoNCluSIoN

This study provides evidence that non-thermal plasma has two major advantages over 
current treatment modalities: (1) greater selectivity towards cancer cells and (2) en-
hancement of anti-tumor activity of macrophages. Therefore, plasma has the potential 
to be an efficacious and safe cancer therapeutic option via engagement of the immune 
system.
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