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what has been termed a ‘spillover’ occurs [9]. Further to this, kINPen med® 
plasma induced activation studies on poly(ethylene-terephthalate) PET at a 
nozzle-to-surface distance of 5-15 mm have shown that a similar immediate 
activation (1 day) post treatment ‘spillover’ can be induced  up to 20 mm in 
diameter on the polymer surface [10]. 

This work reports on the spatial and temporal visual imaging of the kINPen 
med® plasma plume fluid structure using a photodiode (PD) to trigger a gated 
ICCD camera, with the addition of a new digital image processing technique  of 
the ICCD camera images. This post image processing technique is used to 
enhance the immediate area (up to a distance of approximately 3 cm) around the 
luminous plasma plume to reveal the fluid structure emanating from the gas 
flow. This digital image enhancement approach differs from the shadowgraph 
and Schlieren imaging technique previously for air/hydrogen jet [11], air 
discharge [12] and helium jets [13, 14] all of which probe the use of back 
lighting to probe the refractive index changes by density gradients in the fluid 
distortion Here no back lighting is required. This approach differs from the high 
temporal resolution flame-front visualization technique [15], and also differs 
from large time scale (10s) flow imaging of complex vortex mixing in DBDs 
[16]. In this work the widely available National Instrument LabVIEW software 
packages is used as an example.  

 
2. Experiment apparatus and methods 
Figure 1a shows a photograph of the plasma jet used in this study. The plasma 
reactor is a cylindrical dielectric barrier discharge made from a glass ceramic 
with an internal diameter of D = 1.6 mm. The inner metal electrode has a 
diameter of ~0.3 mm. The outer body is grounded to produce a cross-field jet 
configuration i.e. an electric field perpendicular to the gas flow.  Here a gas flow 
rate of 5 SLM of 99.99% pure argon is used, equating to a gas velocity through 
the reactor tube of v = 36.7 m.s-1. Since the plasma region is 20 mm long there 
is a gas residence time of about 0.5 ms. 
 

 
Figure 1: Photograph of the kINPen Med® plasma interacting with a fingertip. 

 
The inner electrode is powered by a 1 MHz electrical drive frequency that is 
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a b s t r a c t

This study is a retrospective review of representing clinical follow-up of 12 patients afflicted with advanced
squamous cell carcinoma of the head and neck. Herein, we have used novel physical cold atmospheric
pressure plasma (CAP) to decontaminate infected cancer ulcerations and evaluated anti-cancer effects. With
use of CAP in this cohort, the data suggests: (1) decreased request for pain medication and (2) reduction of
typical fetid odor related to (3) reduction of microbial load. In some cases there is (4) superficial partial
remission of tumor and even (5) wound healing of infected ulcerations has been observed following CAP
exposure. As a result, CAP treatment appears of benefit for select head and neck cancer patients and future
work to optimize CAP in the therapeutic armamentarium advances.

& 2015 Elsevier GmbH. All rights reserved.

1. Introduction

Physical plasma is generated by adding energy to a gas
resulting in ionization and excitation of gas molecules. Biological
tissue is primarily affected by two components of physical plasma:
(1) electromagnetic radiation (UV, VIS, IR, high-frequency electro-
magnetic fields, etc.) and (2) ions, electrons and reactive chemical
species. The technical possibility of generating physical plasma at
low temperatures in an atmospheric environment opens up new
chances to use this so-called cold atmospheric plasma (CAP) for
medical therapies [38–40,16,13,34].

According to the current state of knowledge, plasma effects on
biological systems are mainly caused by reactive oxygen and nitrogen
species (ROS, RNS) which influence medically relevant cellular pro-
cesses via impacts on the redox balance of cells [35,10,29,2]. Because
of stimulatory effects on cells together with its antiseptic and anti-
inflammatory effects the main application for CAP in medicine has
been wound healing [22,14,11,12,17,8,21,32,35]. Other medical appli-
cations, including cancer treatment, have not yet been fully explored.

Clinical case reports and select trials have demonstrated, that CAP
is a useful tool for decontaminating severely infected wounds and
ulcerations [14,15,20,3]. For this purpose it has been applied in our
unit as part of the palliative medicine program for advanced head and
neck carcinoma ulcerations and patients within the final stages of
their disease. Indeed, head and neck cancers represent difficult clinical
problems as cancer proximity to significant anatomic structures lends
need for better local therapy.

The evidence to date suggests that CAP has a significant effect on
several tumor lines and tumor models in vitro [30,19,26,33,28,
28,7,27]. Furthermore, favorable ex vivo results were obtained with
freshly harvested head and neck cancer specimens [25,9]. The obvious
next step is to clinically evaluate en passant, and without discomfort to
the patients, whether CAP used for decontamination of head and neck
cancer lesions has additional anti-cancer benefits in vivo.

2. Material and methods

2.1. Patients

6 female and 6 male Caucasian patients (50–77 years) suffering
from advanced squamous cell carcinoma of the head and neck area

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/cpme
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visible and the microbiological diagnostic observed a decrease in
the number of bacteria, especially anaerobe species, but not total
removal (Fig. 4). Pathogenic species found in lesions prior to
treatment could not be detected after CAP.

3.3. CAP treatment of tumor ulcerations was a suitable therapy for
easing cancer pain

Many patients receiving CAP had a reduction in pain as
evaluated by a decrease in patient requests for medication,
however, there are some confounders to be considered. This effect
starts early in the treatment period and fades out at the comple-
tion of CAP treatment. The extent of pain reduction differs
remarkably between patients receiving CAP. No patient enjoyed

the benefit of total pain relief. No patient complained about
increasing pain generally.

3.4. CAP treatment of cancer ulcerations was not free from side
effects, but none of them were severe

Some of the patients with larger ulcerations reported extreme
fatigue due to the greater duration of treatment required. There

Fig. 1. (a) Infected cancer ulcer of oral mucosa with augmented tumor (b) partial
remission under CAP treatment.

Fig. 2. (a) Infected cancer with tumor at the lower jaw facial skin, (b) same patient, different location: infected cancer ulcer at the mental facial skin, (c) partial remission of
the tumor under CAP treatment, and (d) same patient, different location: progressive disease and partially reduced contamination under CAP treatment.

Fig. 3. (a) Infected cancer ulcer of the tongue in an area with pathohistologically
confirmed cancer cells and (b) wound healing under CAP treatment.

Fig. 4. (a) Infected cancer ulcer of oral mucosa and (b) reduction of visible
contamination under CAP treatment.
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Images from one patient with squamous cell carcinoma treated with 
the kINPen Med device three times per week, 1 minute/cm2. (a) 
image from treatment commencement in April 2016; (b) image from 
June 2016; (c) image taken in August 2016. (Courtesy Dr. Hans 
Metelmann, Germany)

Another  kINPen med®  Application



What  mechanism(s)  might  explain  the  
observed  biomedical  effects  of  cold  

atmospheric  plasma?



Key  Elements  of  Discharge  Physics  
and  Chemistry
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Electric  field  induces  current  flow  in  gas
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Electron-­impact  ionization  creates  new  charge  (electrons/ions)
Electron-­impact  molecular  dissociation  creates  radicals  (e.g.  O  atoms)
Electron-­impact  excitation  (and  relaxation)  creates  UV/VUV  photons

Gas  is  weakly ionized  (<10-­6)
Electrons  are  HOT (~104 K);;  ions/neutrals  ~  300-­600  K
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membrane  
electroporation

Electro-­
chemotherapy

Gene  
transfection
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membrane  
electroporation

The  promising  alliance  of  anti-­cancer  electro-­chemotherapy  
with  immunotherapy:  Calvet &  Mir  (Cancer  Metastasis Rev  (2016)  35:165–
177)



Bruggeman et  al.,  2016

Vision  of  Air  Plasma-­Liquid  Interactions



Reactive  Oxygen  and  Reactive  Nitrogen  
Species  (RONS)

Reactive oxygen and nitrogen species often cited as
key species in plasma biomedical applications.

But what is known about these species in biology 
and medicine?

I now focus on these species and their role in 
biology and medicine



RONS:  Key  Immune  System  Species  in  Response  
to  Injury,  Infection  or  Tumor  Detection

Air/Water  Plasma  
Chemistry

Innate  Immune  System  
Chemistry

HV

O,  OCl-­/HOCl,  OH,  1O2,  O2-­/HO2,  O3
N,  NO3,  NO2,  NO,  NxOy,  NO2-­,  NO3-­,
ONOO-­,  H,  H2,  H2O2,  HNO2,  HNO3

Dedon  and  Tannenbaum,  2004

Respiratory/oxidative  burst



Fig. 2. Pathogen recognition leads to ROS production that has different functions associated to activation of plant defenses. Thin arrows depict
signaling events that point to ROS production both in the apoplast and inside the plant cell. Double-head arrow indicates the cross talk between ROS
in these compartments. Thick arrows point to the functions of these ROS in relation to activation of plant defenses.

signals for establishment of further defenses (Mur et al.
2008). Thus, many are the functions accounted to ROS
in response to pathogens.

The plasticity of ROS generation/accumulation and
its tight compartmentalization could explain the vari-
ety of events mediated by these reactive molecules
(Torres et al. 2006). Another feature of ROS signaling
is its interaction with other signals and plant hormones.
ROS form complex regulatory circuits with calcium sig-
naling and phosphorylation cascades. Many regulatory
functions of ROS in plant defenses have been associated
with hormones like salicylic acid (SA) and nitric oxide
(NO) (Torres et al. 2006). However, new interplays with
additional signal cascades and hormones are emerging.
The aim of this review is to offer an ample view about
the flexibility of function that ROS are accounted for
in plant defense to pathogens, a view that may also be
extrapolated to other biotic interactions where ROS are
also detected.

Sources of ROS in plant defense

The NADPH oxidase, also known as the Respiratory
Burst Oxidase has been proposed as the source for
this apoplastic oxidative burst in most plant–pathogen
interactions (Torres and Dangl 2005). This enzyme
was initially described in mammalian phagocytes as
a multicomponent complex that mediates microbial

killing, where gp91phox is the enzymatic subunit of the
oxidase that transfers electrons to molecular oxygen
to generate O−

2 (Lambeth 2004). However, the ROS
produced are not directly responsible for the killing. The
data suggest that ROS mediate pH changes and ion fluxes
leading to the activation of specific proteases that do the
microbial killing in phagocytes (Segal 2008). A family of
NADPH oxidases (NOXs) exist in animals with specific
functions ranging from controlling immunity, cell
proliferation to thyroid hormone biosynthesis (Lambeth
2004). Plant NADPH oxidases, called Respiratory burst
oxydase homologs (Rboh), have been described in many
species (Torres and Dangl 2005). The Rboh protein
localizes to the plasma membrane consistent with its
function in producing the apoplastic oxidative burst
(Keller et al. 1998, Kobayashi et al. 2006, Sagi and
Fluhr 2001). As in animals, the plant Rboh genes form
a large gene family suggesting specific functions for
these oxidases. Interestingly, the plant Rboh proteins
possess an N-terminal extension similar to some NOX5
and DUOX oxidases that function in animal immunity
(Torres and Dangl 2005). This extension, which is absent
in gp91phox from the phagocytes, contains EF-hands
calcium binding motifs suggesting that the regulation
of these oxidases is different from the phagocytic
NADPH oxidase. Thus, most regulatory components of
the NADPH from phagocytes will be absent in plants,
with the exception of Rac/Rop GTPases that have been
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Production of reactive oxygen species (ROS) is a hallmark of successful
recognition of infection and activation of plant defenses. ROS play
multifaceted signaling functions mediating the establishment of multiple
responses and can act as local toxins. Controversy surrounds the origin of
these ROS. Several enzymatic mechanisms, among them a plasma membrane
NADPH oxidase and cell wall peroxidases, can be responsible for the ROS
detected in the apoplast. However, high levels of ROS from metabolic origins
and/or from downregulation of ROS-scavenging systems can also accumulate
in different compartments of the plant cell. This compartmentalization could
contribute to the specific functions attributed to ROS. Additionally, ROS
interact with other signals and phytohormones, which could explain the
variety of different scenarios where ROS signaling plays an important part.
Interestingly, pathogens have developed ways to alter ROS accumulation
or signaling to modify plant defenses. Although ROS have been mainly
associated with pathogen attack, ROS are also detected in other biotic
interactions including beneficial symbiotic interactions with bacteria or
mycorrhiza, suggesting that ROS production is a common feature of different
biotic interactions. Here, we present a comprehensive review describing the
newer views in ROS signaling and function during biotic stress.

Introduction

A rapid and transient production of reactive oxygen
species (ROS), termed ‘oxidative burst’ is a hallmark
of successful recognition of plant pathogens (Lamb and
Dixon 1997, Torres et al. 2006). This production of
ROS is typically apoplastic (Levine et al. 1994) and
biphasic, with a first unspecific, transitory phase that
usually takes place within minutes of the interaction
with the pathogen, and a second sustained phase that
occurs hours after pathogen attack and that is usually
associated with the establishment of the defenses and
the hypersensitive response (HR; Grant and Loake 2000,

Abbreviations – ABA, abscisic acid; ET, ethylene; ETI, effector-triggered immunity; HR, hypersensitive response; JA, jasmonic
acid; NO, nitric oxide; OGs, oligogalacturonides; PAMPs, pathogen associated molecular patterns; PTI, PAMP-triggered
immunity; ROS, reactive oxygen species; SA, salicylic acid; SAR, systemic acquired resistance; TMV, Tobacco Mosaic Virus.

Piedras et al. 1998). Although superoxide anion (O−
2 )

is the proximal product generated, the more stable
hydrogen peroxide (H2O2) species is detected in many
studies. However, other reactive species such as singlet
oxygen or hydroxyl radical can be produced (Foyer and
Noctor 2005).

Plants activate several barriers of defense against the
attack of pathogens (Jones and Dangl 2006). The first line
of defense is triggered by the recognition of invariant
microbial epitopes known as pathogen associated
molecular patterns (PAMPs) for recognition of potential
pathogens in the innate immune system of both plants
and animals. Examples of these PAMPs are conserved
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Campus Montegancedo, Autopista M40 Km 38, Pozuelo de Alarcón, 28223, Madrid, Spain
bDepartment of Biology, University of North Carolina, Chapel Hill, NC 27599-3280, USA

Correspondence
*Corresponding author,
e-mail: miguelangel.torres@upm.es

Received 6 July 2009;
revised 3 November 2009

doi:10.1111/j.1399-3054.2009.01326.x

Production of reactive oxygen species (ROS) is a hallmark of successful
recognition of infection and activation of plant defenses. ROS play
multifaceted signaling functions mediating the establishment of multiple
responses and can act as local toxins. Controversy surrounds the origin of
these ROS. Several enzymatic mechanisms, among them a plasma membrane
NADPH oxidase and cell wall peroxidases, can be responsible for the ROS
detected in the apoplast. However, high levels of ROS from metabolic origins
and/or from downregulation of ROS-scavenging systems can also accumulate
in different compartments of the plant cell. This compartmentalization could
contribute to the specific functions attributed to ROS. Additionally, ROS
interact with other signals and phytohormones, which could explain the
variety of different scenarios where ROS signaling plays an important part.
Interestingly, pathogens have developed ways to alter ROS accumulation
or signaling to modify plant defenses. Although ROS have been mainly
associated with pathogen attack, ROS are also detected in other biotic
interactions including beneficial symbiotic interactions with bacteria or
mycorrhiza, suggesting that ROS production is a common feature of different
biotic interactions. Here, we present a comprehensive review describing the
newer views in ROS signaling and function during biotic stress.

Introduction

A rapid and transient production of reactive oxygen
species (ROS), termed ‘oxidative burst’ is a hallmark
of successful recognition of plant pathogens (Lamb and
Dixon 1997, Torres et al. 2006). This production of
ROS is typically apoplastic (Levine et al. 1994) and
biphasic, with a first unspecific, transitory phase that
usually takes place within minutes of the interaction
with the pathogen, and a second sustained phase that
occurs hours after pathogen attack and that is usually
associated with the establishment of the defenses and
the hypersensitive response (HR; Grant and Loake 2000,

Abbreviations – ABA, abscisic acid; ET, ethylene; ETI, effector-triggered immunity; HR, hypersensitive response; JA, jasmonic
acid; NO, nitric oxide; OGs, oligogalacturonides; PAMPs, pathogen associated molecular patterns; PTI, PAMP-triggered
immunity; ROS, reactive oxygen species; SA, salicylic acid; SAR, systemic acquired resistance; TMV, Tobacco Mosaic Virus.

Piedras et al. 1998). Although superoxide anion (O−
2 )

is the proximal product generated, the more stable
hydrogen peroxide (H2O2) species is detected in many
studies. However, other reactive species such as singlet
oxygen or hydroxyl radical can be produced (Foyer and
Noctor 2005).

Plants activate several barriers of defense against the
attack of pathogens (Jones and Dangl 2006). The first line
of defense is triggered by the recognition of invariant
microbial epitopes known as pathogen associated
molecular patterns (PAMPs) for recognition of potential
pathogens in the innate immune system of both plants
and animals. Examples of these PAMPs are conserved

414 Physiol. Plant. 138, 2010

Physiologia Plantarum 138: 414–429. 2010 Copyright © Physiologia Plantarum 2009, ISSN 0031-9317

R E V I E W

ROS in biotic interactions
Miguel Angel Torresa,b,∗
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“Production  of  ROS  is  a  hallmark  of  successful  
recognition  of  infection  and  activation  of  plant  defenses.  

ROS  play  multifaceted  signaling  functions  mediating  the  
establishment  of  multiple  responses  and  can  act  as  local  
toxins.”



Key  Concepts
Traditional  view  of  RONS  as  only damaging  
species,  the  cause  of  disease  and  aging,  has  now  
evolved  into  a  more  sophisticated  understanding.

Wide  recognition  now  of  positive  role  of  RONS,  
especially  in  cancer  therapy.

Reactive  oxygen  and  nitrogen  species  (RONS)  
generally  acknowledged  to  be  important  in  plasma  
therapeutics;;  E-­fields  and  photons  are  important  in  
some  cases  (e.g.  gene  transfection/transdermal  
delivery;;  or  photon-­induced  chemistry).



Key  Concepts,  continued

Plasma-­generated  RONS  effects  are  confined  to  
near-­surface  regions and  are  applied  on  
timescales  short  compared  to  biological  
responses.

But  observed  plasma  therapeutic  effects  
suggest  longer  time  and  length  scales  are  
involved.  How  can  this  occur?



Key  Concepts,  continued
In  order  to  make  sense  of  this  rapidly  emerging  
and  complex  field,  seek  insights  from  current  
understanding  of  (a)  aerobic  biological  systems  
and  (b)  from  established  therapies.

(a)  Animal  and  plant  immune  system  responses  
to  infection/damage/tumors.

(b)  Radiotherapy,  chemotherapy  and  
photodynamic  therapy  for  cancer  treatment.



Naviaux  (2012)  suggests  the  traditional  view  of  reactive  
oxygen  (and  nitrogen)  in  the  context  of  ‘oxidative  
stress’  as  a  cause  of  disease/aging  may  be  completely  
wrong.

He  suggests  ‘oxidative  shielding’  is  an  evolutionarily  
conserved  way  that  cells  protect  themselves.



Oxidative  Shielding Rather  than  
Oxidative  Stress

“Oxidative  shielding…ultimately  increases  membrane  
rigidity,  decreases  permeability  and  inhibits  cell  division.”

“ROS  and  oxidative  changes  in  chronic  disease  are  the  
symptoms  of  disease  and  not  the  cause.”

“The  machinery  of  oxidative  shielding  evolved  from  
pathways  of  innate  immunity  designed  to  protect  the  
cell  from  attack  and  limit  the  spread  of  infection.”

Does  plasma  act  as  an  exogenous  source  of  
therapeutic  oxidative  shielding?

Naviaux  (2012)  suggests:



-­ Antibiotics

-­ Antifungals

-­ Antiparasiticals

-­ Cancer  therapy:
-­ PDT  (1O2);;
-­ radiation;;  
-­ chemotherapies

Existing  Therapies  Use  RONS



Generation  of  RONS

DNA  damage  (SSB  and  DSB)

Apoptosis  of  tumor  cells

Known  that  direct  radiation  effects  are  only  part  of  anti-­tumor  
effects:  bystander  effects  alter  unexposed  cells

What  is  currently  thought  about  the  role  of  RONS  in  radiation  
bystander  effects?

Ionizing  Radiation  Effects  Similar  to  Plasma



Bio-­Radicals  Formed  by  Ionizing  Radiation

O’Neil  and  Wardman

Radiation  
therapy  
radical
chemistry:
~2/3  
therapeutic  
effect



Ionizing  radiation  (IR)  induces  ROS  in  ‘bystander’  cells  via  
modulation  of  ROS/redox.  Might  plasma  do  something  similar?

Cancer  Lett,  2014



Huge  Literature  on  Pro-­Oxidant  Anti-­Tumor  
Mechanism…..for  example











“The  vast  majority  of  all  agents  used  to  directly  kill  cancer  cells  
(ionizing  radiation,  most  chemotherapeutic  agents  and  some  
targeted  therapies)  work  either  through  directly  or  indirectly  
generating  ROS  that  block  key  steps  in  the  cell  cycle….”

“A  common  ROS-­mediated  way  through  which  almost  all  
anti-­cancer  agents  induce  apoptosis  explains  why  cancers  
that  become  resistant  to  chemotherapeutic  control  become  
equally  resistant  to  ionizing  radiotherapy.”

Plasma  RONS-­based  therapy  must  offer  
advantages  over  existing  therapies!

Can  plasma  therapy  overcome  tumor  resistance??



NOx Cancer  Therapy:  A  Possible  Mechanism  for  
Plasma  to  Overcome  Resistance?

*
Need  Reliable  Targeting  
in  Tumors  at  High  
Concentration*



Pacher et al., Physiol. Rev., 87, 315, 2007

In Vivo RONS Lifetimes/Diffusion Distances: 
Short!

~Radius of 50% peak
concentration from source

Enzymatic sources create 
species in certain places at
certain concentrations 
in response to certain events



Normal  Cells  Detect  and  Try  to  Kill  Pre-­
Cancerous  

‘Transformed  Cells’….

Courtesy  Prof.  Georg  Bauer



…Via  Complex  Biochemical  Mechanisms



Could Plasma Stimulate the Adaptive Immune 
System?

Two  other  therapies  that  create  radicals  
(radiation  and  PDT)  both  have  shown  this  effect

This  suggests  that  plasma  has  the  potential  to  
do  something  similar



Radiation  -­ Adaptive  Immunity  Interactions

rationale for combining radiation, immunotherapy, and
angiogenesis inhibitors for enhanced tumor control.

‘‘Athos’’: combining radiation with immunotherapy

Effects of radiation on the immune system

Radiation can induce cancer cell death through a number of
mechanisms, including initiation of apoptotic and cell-cycle
arrest pathways as well as interfering with the repair of
damaged DNA. Furthermore, radiation-induced cell death
is also an immunogenic process that can potentially be
exploited to stimulate tumor-specific immune responses. While
the immunogenic process of radiation-induced cancer cell
death is not fully understood, certain key mechanisms are
known. Cells undergoing immunologic cell death develop
distinctive changes on their plasma membrane which can act
as signals to promote phagocytosis by antigen-presenting cells
(APCs) (Fig. 1). One set of proteins known to move from
the intracellular to the extracellular compartment during
immunologic cell death following radiation are heat shock
proteins.5 Plasma membrane expression of these proteins helps
mark damaged cells for elimination by the immune system and
facilitates antigen cross-presentation,6 dendritic cell (DC)
maturation,7 and natural killer (NK) cell activation.8 Taken
together, these effects help to induce and amplify antitumor
responses.

Another protein that translocates to the cell surface following
radiation therapy prior to tumor cell death is calreticulin
(CRT).9 CRT is a Ca2+ binding protein located mainly in
the lumen of the endoplasmic reticulum and is involved in
Ca2+ homeostasis. The presence of CRT is a crucial determinant
of whether dying tumor cells are phagocytosed by macro-
phages and DCs.9,10 However, CRT translocation alone is not
sufficient to provoke an immune response, which appears to
require other ‘‘danger signals.’’ High-mobility group box 1,
a nonhistone chromatin-binding protein released by dying
tumor cells in response to radiation, has recently been shown
to be one of these critical ‘‘danger signals’’ (Fig. 1).11,12

Immune-mediated tumor eradication has also been linked
with radiation-induced DNA damage pathways via ataxia
telangiectasia mutated (ATM) protein and p53. In an
ATM-dependent fashion, DNA-damaged tumor cells can

upregulate ligands such as NKG2D, making them more
efficiently recognized for elimination by NK and activated
CD8+ T cells.13 In a study using an in vivo hepatocellular
carcinoma model, Xue et al. showed that restoring p53 tumor
expression in p53-deficient tumors could produce complete
tumor regression. These changes were not mediated by apoptosis,
but rather involved p53-mediated cellular senescence, followed
by upregulation of inflammatory cytokines and induction of
tumor-specific innate immune responses.14

Modulating radiation response with immunotherapy

Because radiation-induced cell death is an immunologically
active process, many studies have tried to enhance the effects
of radiation by combining it with various immunotherapeutic
strategies. For instance, preclinical studies combining DCs
with radiation therapy have shown increased tumor-specific
CD8+ T cells and improved antitumor responses compared
with radiation alone.15,16 Other preclinical studies have shown
improved tumor control and/or survival by combining
radiation with immune modulators such as anti-CTLA-4
antibodies,17 IL-2 gene transfer,18 IL-12,19,20 IL-3,21 Flt3
ligand,17 and TNF-a in combination with temozolomide.22

While these results are promising, the interactions between
radiation and the immune system are complex and influenced
by multiple cell types. Still, this is an active area of research
with many potential clinical applications.

Modulating immune response with radiation therapy

Preclinical rationale. The most significant clinical issue in
radiation therapy for cancer is how to safely increase the dose
of radiation to enhance tumor cell killing. However, radiation
can also be regarded as a targeted therapy that can be used to
improve tumor-specific immune responses (Fig. 1). Sublethal
doses of radiation bring about significant changes in cell
surface protein expression. Garnett et al. treated human
cancer cell lines (12 colon, 7 lung, and 4 prostate) with
sublethal doses of radiation. They found that 72 hours
post-treatment, 91% of the cell lines upregulated one or more
cell surface molecules, including Fas, ICAM-1, MUC-1, CEA,
and MHC class I,23 all of which have been shown to render
tumor cells more amenable to immune recognition and to
potentiate antitumor immune responses. Furthermore, in a

Fig. 1 Antigen release from dying tumor cells can activate immune responses—irradiation induces death of cancer cells. As these cells die, they are

taken up by professional antigen presenting cells. These antigen presenting cells then travel to regional lymph nodes where they present antigen to

T cells, initiating or potentiating an antitumor immune response. Activated tumor-specific T cells can then traffic to areas of tumor to participate in

immune-mediated tumor killing.
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With the advent of new cancer therapies in the last few years, the goals of reducing disease

burden and improving quality of life are frequently achieved. Yet despite the advances seen with

numerous monotherapies, a multimodality approach that targets different aspects of tumor

biology may yield the greatest clinical benefit for patients with late-stage disease. Many such

strategies have been employed with varying degrees of success. The addition of immunotherapy to

standard-of-care radiation therapy has shown evidence of efficacy in some preclinical models and

in the clinical setting. However, exploiting these two modalities safely and effectively remains an

ongoing challenge. It is feasible that the addition of another therapeutic modality could further

enhance the antitumor effects of these treatments. The recent addition of angiogenesis inhibitors

to the cancer treatment armamentarium represents an attractive option, especially since these

agents have been shown to be most effective when combined with other therapies. This review

examines preclinical and clinical data on the interaction between immunotherapy and radiation,

and discusses the potential synergy between these two modalities and angiogenesis inhibitors.

Radiation, immunotherapy, and angiogenesis
inhibitors: ‘‘all for one’’

Radiotherapy is a major cancer treatment modality, and

efforts to improve its efficacy will likely impact significant

numbers of people. In North America in 2009, radiation

therapy will be used at some point in 75% of the estimated

1.4 million patients who will be diagnosed with a noncutaneous

form of cancer.1 Some progress has been made combining

radiation with standard cytotoxic chemotherapy, and chemo-

radiation is the standard of care for multiple cancer types,

including carcinomas of the lung, head and neck, gastrointestinal

tract, cervix, bladder, and brain. In addition, targeted therapies

designed to exploit the molecular basis of cancer and radiation-

induced cellular changes are actively being investigated.

Angiogenesis inhibitors are one example of targeted agents

that can improve the therapeutic ratio of radiation therapy.

Based on promising preclinical results with the combination of

radiation and angiogenesis inhibitors, the Radiation Therapy

Oncology Group has recently opened a phase III trial

investigating the potential benefit of bevacizumab, an antivascular

endothelial growth factor (VEGF) antibody, concurrent with

radiation and temozolomide in patients with newly diagnosed

glioblastoma.2

Immunotherapy is another targeted therapy that modifies
the tumor microenvironment. It has had limited success as a
monotherapy, but has shown more promising results when
used in combination with other treatment modalities, including
radiation. The immune system is an important regulator of
cellular responses to radiation, which can be used to modulate
immune-mediated responses to tumors.
Despite these advances, altering a single facet of tumor

biology appears unlikely to have a meaningful impact on
tumor control. Solid tumor cells are extensively heterogeneous;
thus, inhibiting one target will affect some, but not all, tumor
cells. One way to potentially overcome this is to develop
treatment strategies that inhibit or affect multiple aspects of
tumor growth, such as combining radiation, angiogenesis
inhibitors, and immunotherapy. Angiogenesis inhibitors
can normalize tumor vasculature and enhance the effects of
radiation while favorably altering the immunologic tumor
microenvironment. But while joining all three modalities in
common cause may seem like an ideal ‘‘Three Musketeers’’
approach to cancer treatment, we must cautiously consider
whether this is just another quixotic strategy. Two recently
reported phase III trials showed decreased progression-free
survival in metastatic colorectal cancer patients given the
combination of epidermal growth factor inhibitors with
bevacizumab and standard chemotherapy.3,4

Previous reports have focused on the combination of
various modalities to improve cancer treatment. This review
summarizes current preclinical and clinical research data
on radiation and immune system interactions, and offers a
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radiation and temozolomide in patients with newly diagnosed

glioblastoma.2
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cells. One way to potentially overcome this is to develop
treatment strategies that inhibit or affect multiple aspects of
tumor growth, such as combining radiation, angiogenesis
inhibitors, and immunotherapy. Angiogenesis inhibitors
can normalize tumor vasculature and enhance the effects of
radiation while favorably altering the immunologic tumor
microenvironment. But while joining all three modalities in
common cause may seem like an ideal ‘‘Three Musketeers’’
approach to cancer treatment, we must cautiously consider
whether this is just another quixotic strategy. Two recently
reported phase III trials showed decreased progression-free
survival in metastatic colorectal cancer patients given the
combination of epidermal growth factor inhibitors with
bevacizumab and standard chemotherapy.3,4

Previous reports have focused on the combination of
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Central  idea  is  that  plasma/RONS  applied  at  tissue  
surfaces,  over  a  short  period  of  time  (‘burst-­like  exposure’),  
create  longer-­lived  species  that  interact  with  cells.

Concluding  Remarks

This  interaction  triggers  a  series  of  adaptive  biological  
responses,  generally  involving  cellular  RONS  creation,
and  release  of  cytokines,  that  ultimately  are  therapeutic.

Plasma-­generated  RONS  both  simulate and  stimulate
natural  healing  responses.



Intracellular  and  intercellular  responses  are  centered
around  mitochondrial  processes  and  can  involve  innate  and
perhaps  adaptive  immune  responses  as  cells  communicate
with  each  other.

Concluding  Remarks

These  biological  responses  take  place  over  much  longer  
time  scales  and  length  scales  than  the  original  plasma  
exposure.



However,  the  field  is  still  exploratory:  there  is  currently  no  
evidence  (yet!)  that  plasma  is  MORE  effective  than  
conventional  therapies;;  clinical  trials  are  long  and  expensive.

Current  Status  of  ‘Cold’  Atmospheric  
Plasma  Therapeutics

Considerable  evidence  to  date  of  plasma  devices  promoting  
healing  of  infected  tissue;;  wound  healing;;  wound  
pain  reduction;;  tumor  shrinkage;;  and  others…it  really  works!

Lots  of  active  research  – there  are  ~  100  groups  currently  
working  around  the  world in  the  field  and  results  and  
understanding  is  rapidly  growing.
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