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Abstract: As an emerging technology, low-temperature plasma (LTP) is widely used in medical fields
such as sterilization, wound healing, stomatology, and cancer treatment. Great achievements have
been made in tumor therapy. In vitro and in vivo studies have shown that LTP has anti-tumor effects,
and LTP is selective to tumor cells. Studies in recent years have found that LTP can activate dendritic
cells (DC), macrophages, T cells, and other immune cells to achieve anti-tumor effects. This paper
reviews the current status of tumor immunotherapy, the application of LTP in antitumor therapy, the
activation of antitumor immunity by LTP, the possible mechanism of LTP in antitumor immunity,
and meanwhile analyses the prospect of applying LTP in tumor immunotherapy.
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1. Introduction

Recent years have seen great breakthroughs in tumor immunotherapy, which has
become an optional treatment for patients with metastatic and recurring tumors. Im-
munotherapy improves the body’s immune response by adjusting its natural defense
mechanism, thereby achieving anti-tumor effects. Low-temperature plasma is an ionized
gas close to room temperature, which can generate a large amount of reactive oxygen and
nitrogen species (RONS). LTP can directly fight tumors by damaging DNA, inhibiting cell
proliferation, and causing cell apoptosis [1]. It can also stimulate anti-tumor immunity by
regulating the functions of immune cells [2,3]. Therefore, LTP has become a new treatment
of tumors. This article will review the research advances and application prospect of LTP
in cancer immunotherapy:.

2. Current Status of Cancer Immunotherapy

As a major public health hazard, cancer is a devastating disease. A variety of therapies
such as surgery, radiotherapy, chemotherapy have been developed. However, the side
effects of these therapies are often unavoidable and debilitating. Tumor immunotherapy has
recently gained attention. Significant advances have been made in tumor immunotherapy,
which has the advantages of few side-effects and solid curative effects. Immunotherapy can
activate the immune response to eradicate tumor cells. It can generate systemic, specific,
and long-term anticancer immunity. Vaccines, cytokines, antibodies, and immune cells
are used in tumor immunotherapy to enhance the specificity and memory of the immune
system against tumor cells, so as to achieve durable treatment with minimal toxicity [4].
Tumor vaccines can activate and expand tumor-specific T cells [5]. Identified key players
in the anti-tumor immune response are dendritic cells (DCs), natural killer (NK) cells,
and T cells. As DCs can activate T cells, DC vaccines have become one of the promising
methods for tumor immunotherapy. NK cells can kill tumor cells without damaging
normal tissues. The expansion and adoptive transfer of allogeneic NK cells have been
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used in patients with acute myeloid leukemia and has achieved therapeutic results [6]. In
adoptive T cell therapies, patients’ T cells are obtained and cultured in vitro, which then
reenter the patients’ body to produce an immune-mediated anti-tumor response [7]. At
present, many antibodies against cellular immune checkpoints (such as PD-1/PD-L1) have
been developed to promote the activation of T cells and to control tumors. This treatment
strategy has been proven to be particularly effective for tumors with high numbers of
mutations [8]. With deepening understanding on the immune system and continuous
improvement in technology, immunotherapy will play an increasingly important role in
tumor treatment.

3. Applications of LTP in Anti-Tumor Therapy

As one of the four states of the basic matter of the universe, plasma is an ionized gas
produced by the decomposition of polyatomic gas molecules or the removal of electrons
from a monoatomic gas shell. It is composed of ions, electrons, atoms, ultraviolet, visible
light, infrared radiation, neutral molecules, and free radicals [9]. The temperature of
plasma is determined by thermal motions of electrons and heavy particles such as atoms
and ions. In common thermal plasma, when the density of particles is high, due to intensive
collisions among electrons and heavy particles, all particles reach thermal equilibrium. The
temperature in such plasma is high, over several thousand degrees. If the atmospheric
pressure plasma discharge is fast, the electrons and heavy particles are in a thermal non-
equilibrium. In this case, the temperature of the particles is much lower than that of the
electrons. We call such plasma low-temperature plasma [10].

Since the first report on the killing effect of LTP on melanoma in 2007 [11], the ap-
plication of LTP in cancer treatment has experienced fast growth. We have previously
demonstrated that in vitro LTP inhibited cell viability of HepG2 in a dose- and time-
dependent manner and induced HepG2 cell autophagy [12]. In our previous study, a
helium atmospheric pressure plasma jet (APPJ]) was used to generate plasma-activated
saline (PAS) and plasma-activated medium (PAM). PAS was injected subcutaneously to
treat Bl6-tumor bearing mice in vivo and PAM was used to treat B16 cells in vitro. The
results demonstrated that LTP induced melanoma apoptosis in vitro and in vivo [13]. Other
studies have reported that local treatment of mice with LTP can shrink tumors and increase
survival time [14-16]. Compared with other anti-cancer methods such as chemotherapy
and radiation therapy, LTP is advantageous in its selective anti-cancer ability [17]. That is,
when treating tumor cells and normal cells with the same defined dose of LTP, LTP can
kill tumor cells without damaging normal ones (Figure 1). Meanwhile, LTP-based cancer
therapy is unlikely to result in drug resistance, but able to accurately kill tumors deep in
the body [18]. Therefore, LTP has become a new means of treating tumors.
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Figure 1. Selective effects of the optimal dose of LTP. Low doses of LTP can increase the proliferation and differentiation of

normal cells, while high doses can cause cell cycle arrest, DNA damage, apoptosis to kill cancer cells.
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4. Activation of Anti-Tumor Immunity by LTP

The development of cancer immunotherapy provides patients with better hope for
treatment. Studies have shown that LTP has an effect on the activity of immune cells and
immune response [19-21]. Two lines of research are currently pursued to disentangle the
effects of plasma treatment in anti-cancer immunity: the ability of LTP to affect immune
cells directly [22], and indirect activation of immune cells via LTP-mediated tumor cell
death and pro-inflammatory signals in the microenvironment [23].

4.1. The Impact of LTP on Non-Specific Immune Responses

Denderitic cells, macrophages, monocytes, NK cells are involved in the non-specific
immune response against tumors [24].

4.1.1. LTP Promotes Antigen Presentation of DCs

Dendritic cells have been recognized as the most potent antigen presenting cells, and
the initiator and regulator of the body’s immune response. Van Loenhout et al. [25] treated
pancreatic cancer cells with LTP-activated phosphate buffered saline solution four hours
and then co-cultured with the treated-cells with DC at a ratio of 1:1. They found that
the maturity and antigen presentation of DCs were enhanced, but their viability was not
affected. Miebach et al. [26] recently reported that colorectal cancer cells treated with
an argon-based plasma jet upregulated the expressions of CD80 and CD86 of monocyte-
derived DCs (moDCs) in co-culture. Tomic et al. [27] demonstrated that PAM-A375 lysate
potentiated the maturation of DCs by up-regulating the expressions of CD83 and CD86.
Moreover, in co-culture with allogeneic T cells, DCs loaded with PAM-lysates increased
the proportion of cytotoxic T cells. Bekeschus et al. [28] found that moDCs treated with
Argon plasma expressed high levels of the costimulatory molecules, including CCR?7,
CD25, CD40, CD86, CD83 and HLA-DR. Therefore, LTP can be used in vitro to promote
the maturation of DCs, increase their number, enhance the functions of mature DCs, and
activate immunotoxic T cells, so as to achieve anti-tumor effects.

4.1.2. LTP Enhances the Anti-Tumor Effects of Macrophages

Macrophages are one of the important components of the innate immune system,
essential for the local balance of inflammation and anti-inflammation. They have anti-
tumor effects [29]. Macrophages have the characteristics of high plasticity, local tissue
function specificity, and abnormal differentiation induced by inflammatory factors. Tumor-
associated macrophages can develop into either cytotoxic M1 or M2 macrophages depend-
ing on the tumor microenvironment. M1 macrophages are able to kill tumor cells, while
M2 macrophages produce factors that suppress T cell proliferation and activity [30]. By
reducing M2 and enhancing the function of M1, tumors caused by an impaired immune
response can be controlled. Nagendra et al. [31] found that LTP acted as an immunomodu-
lator for immune cell activation, stimulating the polarization of M1/M2 macrophages. The
co-cultivation of tumor cells and LTP-activated macrophages reduced the invasiveness of
tumor cells, and polarized macrophages weakened the maintenance ability of tumor stem
cells. LTP-treated medium increased the number of macrophages and decreased that of
M2. Liedtke et al. [32] injected plasma-activation solution into pancreatic mice abdominal
cavities, and found that the expression of CD206 (M2 marker) was significantly reduced.
Miller et al. [33] found that low-plasma-treated macrophages showed an increased mi-
gratory activity and mediated tumor cell killing in a TNF-a-mediated manner. Khabipov
et al. [34] studied plasma exposure of pancreatic ductal adenocarcinoma (PDA), and sub-
sequent co-culture with macrophages significantly reduced the number of macrophage
clusters compared to untreated PDA cells. Therefore, tumor therapy by targeting pro-
inflammatory macrophages may become an attractive anti-tumor treatment strategy.
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4.1.3. LTP Effects Other Non-Specific Immune Cells

Neutrophils are one of the immune cells existing in the tumor microenvironment.
Tumor-associated neutrophils have been proven to have functional plasticity, whose func-
tions and phenotypes are polarized differently at different stages of the tumor [35]. The
formation of neutrophil extracellular traps (NETs) increased after LTP treatment [36]. Xu
Dehui et al. [37] used LTP-activated water to gavage immunodeficient mice, and found
that neutrophils and monocytes in the blood slightly increased. Liedtke et al. [32] injected
PAM into mice seven days after tumor challenge and analyzed the changes in intratumoral
immunological profile. The results demonstrated the number of neutrophils increased
in the treatment group. However, there are no reports on the effects of LTP on other
innate immune cells such as NK cells and mast cells. Our team has explored the effects of
plasma-activated saline on NK cells and found that an appropriate dose of LTP-activated
saline promoted the vitality and killing activity of NK-92MI cells, while excessive doses
inhibited their viability and killing activity.

4.2. The Impacts of LTP on Specific Immune Responses

T cells and B cells play an important role in the specific immune response. Freund et al. [38]
found that LTP-treated saline increased the activity of T cells. Long-time LTP treatment
caused the death of many cells, whereas T cells still maintained the ability to activate
and divide. Haertel et al. [19] analyzed the effect of dielectric barrier discharge (DBD)
on subsets of lymphocytes and found that after a short time (5 s) of LTP exposure, the
number of T cells increased slightly, indicating that short-term LTP exposure promoted
the proliferation of T cells. However, with an increase in treatment time, the number of T
cells began to decrease after 20 s, while the number of Th cells started to decrease after 60 s.
The increase of B cells indicated that the lymphocytes were selectively sensitive to LTP
depending on the time of LTP treatment. Liedtke et al. [32] identified a significant increase
of T cells in murine tumors repeatedly exposed to plasma-treated medium.

4.3. The Effects of LTP on Other Immune Cells

In addition to effecting the function of non-specific and specific immune cells, LTP can
also promote activity of mixed cells extracted from immune organs and enhance anti-tumor
effects. A study reported that LTP-treated prostate cancer cells increased the viability
and toxicity of bone marrow cells [39]. Rodder et al. [40] found when LTP-treated mouse
spleen cells were co-cultured with B16-F10 cells, spleen cells produced more inflammatory
cytokines and enhanced the anti-tumor effects.

5. Anti-Tumor Immune Mechanism of LTP
5.1. The Oxidative Stress Toxicity of LTP

LTP produces oxidative stress. RONS, charged particles, ultraviolet radiation and
electromagnetic fields, all of which can play a role and produce synergy in the therapy of
cancer [41]. Among them, RONS is the most important element of LTP to kill tumors. LTP
treatment increased intracellular ROS [42], which causes DNA double strands to break [43].
DNA damage results in cell apoptosis [44] and decreases the cell viability of tumor [45]
(Figure 2).

5.2. The Relationship between RONS and Immune Response

Studies have shown that RONS participated in immune response. For example, H,O,,
0,7, OH, NO, ONOO™ and NO, ™ participated in the phagocytosis of microorganisms
of macrophages. NO affected the synthesis and secretion of cytokines (TNF-co, IFN-y,
IL-1, IL-6, etc.) of immune cells (macrophages, NK cells, T cells). RONS increased the
number of macrophages [46]. Some RONS affected the cross-presentation antigen of den-
dritic cells, migration of macrophages, and regulation of cytokine receptor expression [7].
Mizuno et al. [47] treated B16-F10 melanoma with plasma. The tumor grew on both legs,
but only the tumor on the right side was directly exposed to the plasma. It found that
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the tumor growth on both sides was inhibited. This result indicated that plasma could
trigger the innate immune response through signal transmission. Therefore, we infer
that RONS produced by LTP would cause changes in the immune response via related
signaling pathways.
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Figure 2. The oxidative stress toxicity of LTP. LTP cause the increase of intracellular ROS, which leads to DNA damage and
mitochondrial damage, thus leading to the cell apoptosis.

5.3. LTP Induces Immunogenic Cell Death

Immune tolerance refers to the fact that tumor cells lack one or more components
which are necessary to effectively stimulate the body’s immune system. When some physi-
cal and chemical factors induce the apoptosis of tumor cells, tumor cells are transformed
from non-immunogenic to immunogenic, which is called immunogenic cell death (ICD).
ICD activates specific T lymphocytes and specific immune response to eliminate tumors.
When ICD occurs, immunostimulatory molecules damage associated molecular patterns
(DAMPs), are released from or displayed by the dying cells. Calreticulin (CRT), Adenosine
Triphosphate (ATP) and High Mobility Group Box 1 (HMGB1) are well-known DAMPs
that are released outside cells in response to ICD. More and more studies have shown
that the oxidation produced by LTP induces immunogenic death of cells, causing an in-
crease of DAMPs. In fact, ATP serves as a “Find Me” signal and CRT acts as an “Eat Me”
signal for immune cells [48]. The DAMPs stimulate an immune response by stimulating
antigen-presenting cells. The uptake of tumor antigens by dendritic cells was increased.
Then, DCs presented tumor antigens to anti-tumor T cells [41] (Figure 3). Lin [49] et al.
used non-thermal plasma to induce ICD in A549 lung cancer cells, and found secreted
danger signals from cells undergoing immunogenic death enhanced the anti-tumor activity
of macrophages.
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Figure 3. Inmunogenic cell death and the activation of T cell. LTP induced immunogenic death of
cells, causing an increase of DAMPs. The DAMPs activate dendritic cells. Then, mature dendritic

cells presented tumor antigens to anti-tumor T cells.

5.4. LTP Regulates the Tumor Microenvironment

Immune escape is one of the important mechanisms of malignant tumors. The tumor
microenvironment (TME) is considered the main reason for immune suppression and
evasion of immune surveillance. The tumor microenvironment plays an important role
in the survival, growth, invasion, and metastasis of tumor cells. The immunosuppressive
molecules and inhibitory molecules in the TME can affect the function of immune cells [50].
Due to the tumor microenvironment, many targeted therapies have failed to achieve
desired results. LTP not only affects the tumor cells themselves, but also regulates the TME.
It has been observed that long-term LTP treatment inhibited cell viability and collagen
production of murine fibroblasts [51]. LTP could lead to increased cytotoxicity and a sharp
decrease in the release of VEGF. Nagendra et al. [31] found plasma exposure not only
decreased M2 macrophages, but also remarkably increased the expressions of IL-1¢, IL-13,
IL-6 and TNF-o. The microenvironment is changed by LTP to prevent the growth and
metastasis of tumors, and to inhibit immune cells, achieving a lasting therapeutic effect.

6. Prospects and Challenges

It has been proven that LTP can treat a variety of malignant cancers. LTP can kill
tumors directly, and can kill cancer cells by affecting the functions of immune cells such
as DC, macrophages and T cells. LTP can induce immunogenic cell death of tumor cells,
regulate tumor microenvironment, and increase immune response to kill tumors. There-
fore, LTP stimulating the immune response is key to improving the cure rate of patients.
However, current research on LTP in cancer immunotherapy has the following problems.
First, studies of LTP in immunotherapy are still in their infancy, most of which are in vitro
tests. Further animal or clinical experiments are needed to explore the anti-tumor effects of
LTP by activating immune cells. Second, the underlying mechanism of LTP stimulating
the immune response is still unclear. Third, as immune cells are affected by LTP in a
time-/dose-dependent manner, it is difficult to determine the optimal LTP dose to activate
the body’s immune response. Our team [19] treated peripheral blood lymphocyte samples
of 20 healthy adult volunteers with LTP, and found that when low doses of LTP were used,
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lymphocyte activity was activated. Fourth, immune cells have different sensitivities to LTP.
Therefore, when LTP is used to stimulate the immune response, the key is to use the best
time and method to treat different immune cells. This is also a huge challenge for LTP in
tumor immunotherapy.

Author Contributions: Conceptualization, X.S. and G.Z.; writing—original draft preparation, X.W.;
writing—reviewing and editing, X.S. and G.Z. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the General Program of National Natural Science under
Grant NO. 51677146 and the Shaanxi Province Key Research and Development Program (Grant NO.
2018ZDCXL- SF-02-03-01).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data sharing not applicable.

Acknowledgments: We would like to thank Feng-Ling Peng for providing linguistic assistance for
this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

Yang, Y,; Li, D.; Li, Y; Jiang, Q.; Sun, R.; Liu, J.; Wu, F; Miao, J.; Ni, L.; Shi, X.; et al. Low-Temperature Plasma Suppresses
Proliferation and Induces Apoptosis in Lung Cancer Cells by Regulating the miR-203a/BIRC5 Axis. Onco Targets Ther. 2020, 13,
5145-5153. [CrossRef] [PubMed]

Bekeschus, S.; Rédder, K.; Schmidt, A.; Stope, M.B.; von Woedtke, T.; Miller, V.; Fridman, A.; Weltmann, K.-D.; Masur, K.;
Metelmann, H.-R.; et al. Cold physical plasma selects for specific T helper cell subsets with distinct cells surface markers in a
caspase-dependent and NF-kB-independent manner. Plasma Process Polym 2016, 13, 1144-1150. [CrossRef]

Miller, V; Lin, A.; Fridman, A. Why Target Immune Cells for Plasma Treatment of Cancer. Plasma Chem. Plasma Process. 2016, 36,
259-268. [CrossRef]

Weber, E.W.; Maus, M.V.; Mackall, C.L. The Emerging Landscape of Immune Cell Therapies. Cell 2020, 181, 46-62. [CrossRef]
[PubMed]

Shang, N.; Figini, M.; Shangguan, J.; Wang, B.; Sun, C.; Pan, L.; Ma, Q.; Zhang, Z. Dendritic cells based immunotherapy. Am. J.
Cancer Res. 2017, 7,2091-2102. [CrossRef]

Lupo, K.B.; Matosevic, S. Natural Killer Cells as Allogeneic Effectors in Adoptive Cancer Immunotherapy. Cancers 2019, 11, 769.
[CrossRef]

Lee, D.W,; Gardner, R; Porter, D.L.; Louis, C.U.; Ahmed, N.; Jensen, M.; Grupp, S.A.; Mackall, C.L. Current concepts in the
diagnosis and management of cytokine release syndrome. Blood 2014, 124, 188-195. [CrossRef]

McGranahan, N.; Furness, A.J.; Rosenthal, R.; Ramskov, S.; Lyngaa, R.; Saini, S.K.; Jamal-Hanjani, M.; Wilson, G.A.; Birkbak, N.J.;
Hiley, C.T.; et al. Clonal neoantigens elicit T cell immunoreactivity and sensitivity to immune checkpoint blockade. Science 2016,
351, 1463-1469. [CrossRef]

Tanaka, H.; Mizuno, M.; Ishikawa, K.; Toyokuni, S.; Kajiyama, H.; Kikkawa, F.; Hori, M. Cancer treatments using low-temperature
plasma. Curr. Med. Chem. 2021, 29. [CrossRef]

Hirst, A.M.; Frame, EM.; Arya, M.; Maitland, N.J.; O’Connell, D. Low temperature plasmas as emerging cancer therapeutics: The
state of play and thoughts for the future. Tumor Biol. 2016, 37, 7021-7031. [CrossRef]

Fridman, G.; Shereshevsky, A.; Jost, M.M.; Brooks, A.D.; Fridman, A.; Gutsol, A.; Vasilets, V.; Friedman, G. Floating Electrode
Dielectric Barrier Discharge Plasma in Air Promoting Apoptotic Behavior in Melanoma Skin Cancer Cell Lines. Plasma Chem.
Plasma Process. 2007, 27, 163-176. [CrossRef]

Wu, Y; Liu, J; Gao, L.; Ma, Y; Xu, G.; Li, X;; Hao, Y; Shi, X.; Zhang, G.-]. Helium low temperature plasma induced HepG2 cells
autophagy through ROS-mediated PI3K/AKT/mTOR /P70s6k signaling pathway. AIP Adv. 2019, 9, 095034. [CrossRef]

Liu, J.-R.; Wu, Y.-M.; Xu, G.-M.; Gao, L.-G.; Ma, Y,; Shi, X.-M.; Zhang, G.-J. Low-temperature plasma induced melanoma apoptosis
by triggering a p53/PIGs/caspase-dependent pathwayin vivoandin vitro. J. Phys. D Appl. Phys. 2019, 52, 315204. [CrossRef]
Binenbaum, Y.; Ben-David, G.; Gil, Z,; Slutsker, Y.Z.; Ryzhkov, M. A ; Felsteiner, J.; Krasik, Y.E.; Cohen, ].T. Cold Atmospheric
Plasma, Created at the Tip of an Elongated Flexible Capillary Using Low Electric Current, Can Slow the Progression of Melanoma.
PLoS ONE 2017, 12, €0169457. [CrossRef]

Mirpour, S.; Piroozmand, S.; Soleimani, N.; Jalali Faharani, N.; Ghomi, H.; Fotovat Eskandari, H.; Sharifi, A.M.; Mirpour, S.;
Eftekhari, M.; Nikkhah, M. Utilizing the micron sized non-thermal atmospheric pressure plasma inside the animal body for the
tumor treatment application. Sci. Rep. 2016, 6, 29048. [CrossRef] [PubMed]


http://doi.org/10.2147/OTT.S244853
http://www.ncbi.nlm.nih.gov/pubmed/32606735
http://doi.org/10.1002/ppap.201600080
http://doi.org/10.1007/s11090-015-9676-z
http://doi.org/10.1016/j.cell.2020.03.001
http://www.ncbi.nlm.nih.gov/pubmed/32243795
http://doi.org/10.1038/s41423-021-00726-4
http://doi.org/10.3390/cancers11060769
http://doi.org/10.1182/blood-2014-05-552729
http://doi.org/10.1126/science.aaf1490
http://doi.org/10.2174/0929867328666210629121731
http://doi.org/10.1007/s13277-016-4911-7
http://doi.org/10.1007/s11090-007-9048-4
http://doi.org/10.1063/1.5116292
http://doi.org/10.1088/1361-6463/ab1ca9
http://doi.org/10.1371/journal.pone.0169457
http://doi.org/10.1038/srep29048
http://www.ncbi.nlm.nih.gov/pubmed/27383714

Appl. Sci. 2021, 11, 9618 80f9

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Alimohammadi, M.; Golpur, M.; Sohbatzadeh, F.; Hadavi, S.; Bekeschus, S.; Niaki, H.A.; Valadan, R.; Rafiei, A. Cold Atmospheric
Plasma Is a Potent Tool to Improve Chemotherapy in Melanoma In Vitro and In Vivo. Biomolecules 2020, 10, 1011. [CrossRef]
Privat-Maldonado, A.; Schmidt, A.; Lin, A.; Weltmann, K.-D.; Wende, K.; Bogaerts, A.; Bekeschus, S. ROS from Physical Plasmas:
Redox Chemistry for Biomedical Therapy. Oxid. Med. Cell. Longev. 2019, 2019, 1-29. [CrossRef]

Azzariti, A.; lacobazzi, RM.; Di Fonte, R.; Porcelli, L.; Gristina, R.; Favia, P; Fracassi, E; Trizio, I; Silvestris, N.; Guida, G.; et al.
Plasma-activated medium triggers cell death and the presentation of immune activating danger signals in melanoma and
pancreatic cancer cells. Sci. Rep. 2019, 9, 4099. [CrossRef]

Haertel, B.; Volkmann, F.; von Woedtke, T.; Lindequist, U. Differential sensitivity of lymphocyte subpopulations to non-thermal
atmospheric-pressure plasma. Immunobiology 2012, 217, 628-633. [CrossRef]

Shi, X.-M.; Zhang, G.-].; Yuan, Y.-K; Ma, Y.; Xu, G.-M.; Yang, Y. Effects of Low-Temperature Atmospheric Air Plasmas on the
Activity and Function of Human Lymphocytes. Plasma Process Polym. 2008, 5, 482-488. [CrossRef]

Bekeschus, S.; Masur, K.; Kolata, J.; Wende, K.; Schmidt, A.; Bundscherer, L.; Barton, A.; Kramer, A.; Broker, B.; Weltmann, K.-D.
Human Mononuclear Cell Survival and Proliferation is Modulated by Cold Atmospheric Plasma Jet. Plasma Process Polym. 2013,
10, 706-713. [CrossRef]

Bekeschus, S.; Seebauer, C.; Wende, K.; Schmidt, A. Physical plasma and leukocytes-immune or reactive? Biol. Chem. 2018, 400,
63-75. [CrossRef] [PubMed]

Lin, A,; Truong, B.; Pappas, A.; Kirifides, L.; Oubarri, A.; Chen, S.; Lin, S.; Dobrynin, D.; Fridman, G.; Fridman, A.; et al. Uniform
Nanosecond Pulsed Dielectric Barrier Discharge Plasma Enhances Anti-Tumor Effects by Induction of Immunogenic Cell Death
in Tumors and Stimulation of Macrophages. Plasma Process Polym. 2015, 12, 1392-1399. [CrossRef]

Fridman, W.H.; Pages, F.; Sautes-Fridman, C.; Galon, J. The immune contexture in human tumours: Impact on clinical outcome.
Nat. Rev. Cancer 2012, 12, 298-306. [CrossRef] [PubMed]

Van Loenhout, J.; Flieswasser, T.; Freire Boullosa, L.; De Waele, ].; Van Audenaerde, J.; Marcq, E.; Jacobs, ]J.; Lin, A,; Lion, E.;
Dewitte, H.; et al. Cold Atmospheric Plasma-Treated PBS Eliminates Immunosuppressive Pancreatic Stellate Cells and Induces
Immunogenic Cell Death of Pancreatic Cancer Cells. Cancers 2019, 11, 1159. [CrossRef]

Miebach, L.; Freund, E.; Horn, S.; Niessner, E; Sagwal, S.K.; von Woedtke, T.; Emmert, S.; Weltmann, K.D.; Clemen, R.; Schmidt, A.; et al.
Tumor cytotoxicity and immunogenicity of a novel V-jet neon plasma source compared to the kINPen. Sci. Rep. 2021, 11, 136.
[CrossRef] [PubMed]

Tomic, S.; Petrovic, A.; Puac, N.; Skoro, N.; Bekic, M.; Petrovic, Z.L.; Colic, M. Plasma-Activated Medium Potentiates the
Immunogenicity of Tumor Cell Lysates for Dendritic Cell-Based Cancer Vaccines. Cancers 2021, 13, 1626. [CrossRef] [PubMed]
Bekeschus, S.; Meyer, D.; Arlt, K.; von Woedtke, T.; Miebach, L.; Freund, E.; Clemen, R. Argon Plasma Exposure Augments
Costimulatory Ligands and Cytokine Release in Human Monocyte-Derived Dendritic Cells. Int. J. Mol. Sci. 2021, 22, 3790.
[CrossRef]

Ruan, J.Y.; Chen, B.C.; Zhang, X.L.; Zhang, R.; Huang, H.J. Progress in signaling pathways of macrophage M1/2 polarization.
Immunol. ]. 2015, 31, 911-917. [CrossRef]

Reis-Sobreiro, M.; Teixeira da Mota, A.; Jardim, C.; Serre, K. Bringing Macrophages to the Frontline against Cancer: Current
Immunotherapies Targeting Macrophages. Cells 2021, 10, 2364. [CrossRef]

Kaushik, N.K; Kaushik, N.; Adhikari, M.; Ghimire, B.; Linh, N.N.; Mishra, YK ; Lee, S.-].; Choi, E.H. Preventing the Solid Cancer
Progression via Release of Anticancer-Cytokines in Co-Culture with Cold Plasma-Stimulated Macrophages. Cancers 2019, 11, 842.
[CrossRef] [PubMed]

Liedtke, K.R.; Freund, E.; Hackbarth, C.; Heidecke, C.-D.; Partecke, L.-I.; Bekeschus, S. A myeloid and lymphoid infiltrate in
murine pancreatic tumors exposed to plasma-treated medium. Clin. Plasma Med. 2018, 11, 10-17. [CrossRef]

Miller, V,; Lin, A.; Fridman, G.; Dobrynin, D.; Fridman, A. Plasma Stimulation of Migration of Macrophages. Plasma Process Polym.
2014, 11, 1193-1197. [CrossRef]

Khabipov, A.; Freund, E.; Liedtke, K.R.; Kading, A.; Riese, ].; van der Linde, J.; Kersting, S.; Partecke, L.I.; Bekeschus, S. Murine
Macrophages Modulate Their Inflammatory Profile in Response to Gas Plasma-Inactivated Pancreatic Cancer Cells. Cancers 2021,
13,2525. [CrossRef]

Shaul, M.E.; Fridlender, Z.G. Cancer-related circulating and tumor-associated neutrophils—Subtypes, sources and function.
FEBS J. 2018, 285, 4316-4342. [CrossRef]

Bekeschus, S.; Winterbourn, C.C.; Kolata, J.; Masur, K.; Hasse, S.; Broker, B.M.; Parker, H.A. Neutrophil extracellular trap
formation is elicited in response to cold physical plasma. J. Leukoc. Biol. 2016, 100, 791-799. [CrossRef]

Xu, D.; Cui, Q.; Xu, Y.; Wang, B.; Tian, M,; Li, Q.; Liu, Z.; Liu, D.; Chen, H.; Kong, M.G. Systemic study on the safety of
immuno-deficient nude mice treated by atmospheric plasma-activated water. Plasma Sci. Technol. 2018, 20, 044033. [CrossRef]
Freund, E.; Liedtke, K.R.; van der Linde, J.; Metelmann, H.-R.; Heidecke, C.-D.; Partecke, L.-I.; Bekeschus, S. Physical plasma-
treated saline promotes an immunogenic phenotype in CT26 colon cancer cells in vitro and in vivo. Sci. Rep. 2019, 9, 634.
[CrossRef]

Bekeschus, S.; Ressel, V.; Freund, E.; Gelbrich, N.; Mustea, A.; Stope, M.B. Gas Plasma-Treated Prostate Cancer Cells Augment
Myeloid Cell Activity and Cytotoxicity. Antioxidants 2020, 9, 323. [CrossRef] [PubMed]

Rodder, K.; Moritz, ].; Miller, V.; Weltmann, K.-D.; Metelmann, H.-R.; Gandhirajan, R.; Bekeschus, S. Activation of Murine
Immune Cells upon Co-culture with Plasma-treated B16F10 Melanoma Cells. Appl. Sci. 2019, 9, 660. [CrossRef]


http://doi.org/10.3390/biom10071011
http://doi.org/10.1155/2019/9062098
http://doi.org/10.1038/s41598-019-40637-z
http://doi.org/10.1016/j.imbio.2011.10.017
http://doi.org/10.1002/ppap.200700174
http://doi.org/10.1002/ppap.201300008
http://doi.org/10.1515/hsz-2018-0224
http://www.ncbi.nlm.nih.gov/pubmed/30030959
http://doi.org/10.1002/ppap.201500139
http://doi.org/10.1038/nrc3245
http://www.ncbi.nlm.nih.gov/pubmed/22419253
http://doi.org/10.3390/cancers11101597
http://doi.org/10.1038/s41598-020-80512-w
http://www.ncbi.nlm.nih.gov/pubmed/33420228
http://doi.org/10.3390/cancers13071626
http://www.ncbi.nlm.nih.gov/pubmed/33915703
http://doi.org/10.3390/ijms22073790
http://doi.org/10.13431/j.cnki.immunol.j.20150192
http://doi.org/10.3390/cells10092364
http://doi.org/10.3390/cancers11060842
http://www.ncbi.nlm.nih.gov/pubmed/31216715
http://doi.org/10.1016/j.cpme.2018.07.001
http://doi.org/10.1002/ppap.201400168
http://doi.org/10.3390/cancers13112525
http://doi.org/10.1111/febs.14524
http://doi.org/10.1189/jlb.3A0415-165RR
http://doi.org/10.1088/2058-6272/aa9842
http://doi.org/10.1038/s41598-018-37169-3
http://doi.org/10.3390/antiox9040323
http://www.ncbi.nlm.nih.gov/pubmed/32316245
http://doi.org/10.3390/app9040660

Appl. Sci. 2021, 11, 9618 90f9

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Yan, D.; Malyavko, A.; Wang, Q.; Ostrikov, K.K.; Sherman, J.H.; Keidar, M. Multi-Modal Biological Destruction by Cold
Atmospheric Plasma: Capability and Mechanism. Biomedicines 2021, 9, 1259. [CrossRef] [PubMed]

Arndt, S;; Fadil, F; Dettmer, K.; Unger, P; Boskovic, M.; Samol, C.; Bosserhoff, A K.; Zimmermann, ].L.; Gruber, M.; Gronwald, W.; et al.
Cold Atmospheric Plasma Changes the Amino Acid Composition of Solutions and Influences the Anti-Tumor Effect on Melanoma
Cells. Int. ]. Mol. Sci. 2021, 22, 7886. [CrossRef] [PubMed]

Yadav, D.K.; Adhikari, M.; Kumar, S.; Ghimire, B.; Han, I.; Kim, M.H.; Choi, E.H. Cold atmospheric plasma generated reactive
species aided inhibitory effects on human melanoma cells: An in vitro and in silico study. Sci. Rep. 2020, 10, 3396. [CrossRef]
[PubMed]

Yan, D.; Talbot, A.; Nourmohammadi, N.; Sherman, J.H.; Cheng, X.; Keidar, M. Toward understanding the selective anticancer
capacity of cold atmospheric plasma-a model based on aquaporins (Review). Biointerphases 2015, 10, 040801. [CrossRef]
Tanaka, H.; Hosoi, Y.; Ishikawa, K.; Yoshitake, J.; Shibata, T.; Uchida, K.; Hashizume, H.; Mizuno, M.; Okazaki, Y.; Toyokuni, S.; et al.
Low temperature plasma irradiation products of sodium lactate solution that induce cell death on U251SP glioblastoma cells
were identified. Sci. Rep. 2021, 11, 18488. [CrossRef]

Liu, C,; Dobrynin, D.; Fridman, A. Uniform and non-uniform modes of nanosecond-pulsed dielectric barrier discharge in
atmospheric air: Fast imaging and spectroscopic measurements of electric field. | Phys. D Appl. Phys. 2014, 47, 252003. [CrossRef]
Mizuno, K.; Yonetamari, K.; Shirakawa, Y.; Akiyama, T.; Ono, R. Anti-tumor immune response induced by nanosecond pulsed
streamer discharge in mice. J. Phys. D-Appl. Phys. 2017, 50, 7. [CrossRef]

Ruan, H.; Leibowitz, B.J.; Zhang, L.; Yu, ]. Inmunogenic cell death in colon cancer prevention and therapy. Mol. Carcinog. 2020,
59, 783-793. [CrossRef]

Lin, A.; Truong, B.; Patel, S.; Kaushik, N.; Choi, E.H.; Fridman, G.; Fridman, A.; Miller, V. Nanosecond-Pulsed DBD Plasma-
Generated Reactive Oxygen Species Trigger Immunogenic Cell Death in A549 Lung Carcinoma Cells through Intracellular
Oxidative Stress. Int. ]. Mol. Sci. 2017, 18, 966. [CrossRef]

Tang, M.; Diao, J.; Cattral, M.S. Molecular mechanisms involved in dendritic cell dysfunction in cancer. Cell. Mol. Life Sci. 2017,
74,761-776. [CrossRef]

Lin, A.G,; Xiang, B.; Merlino, D.J.; Baybutt, T.R.; Sahu, J.; Fridman, A.; Snook, A.E.; Miller, V. Non-thermal plasma induces
immunogenic cell death in vivo in murine CT26 colorectal tumors. Oncoimmunology 2018, 7, €1484978. [CrossRef]


http://doi.org/10.3390/biomedicines9091259
http://www.ncbi.nlm.nih.gov/pubmed/34572443
http://doi.org/10.3390/ijms22157886
http://www.ncbi.nlm.nih.gov/pubmed/34360651
http://doi.org/10.1038/s41598-020-60356-0
http://www.ncbi.nlm.nih.gov/pubmed/32099012
http://doi.org/10.1116/1.4938020
http://doi.org/10.1038/s41598-021-98020-w
http://doi.org/10.1088/0022-3727/47/25/252003
http://doi.org/10.1088/1361-6463/aa5dbb
http://doi.org/10.1002/mc.23183
http://doi.org/10.3390/ijms18050966
http://doi.org/10.1007/s00018-016-2317-8
http://doi.org/10.1080/2162402X.2018.1484978

	Introduction 
	Current Status of Cancer Immunotherapy 
	Applications of LTP in Anti-Tumor Therapy 
	Activation of Anti-Tumor Immunity by LTP 
	The Impact of LTP on Non-Specific Immune Responses 
	LTP Promotes Antigen Presentation of DCs 
	LTP Enhances the Anti-Tumor Effects of Macrophages 
	LTP Effects Other Non-Specific Immune Cells 

	The Impacts of LTP on Specific Immune Responses 
	The Effects of LTP on Other Immune Cells 

	Anti-Tumor Immune Mechanism of LTP 
	The Oxidative Stress Toxicity of LTP 
	The Relationship between RONS and Immune Response 
	LTP Induces Immunogenic Cell Death 
	LTP Regulates the Tumor Microenvironment 

	Prospects and Challenges 
	References

