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Abstract Many combined therapies have been proposed to
enhance radiotherapy outcome, but they have several lim-
itations. As a new feasible strategy, combination of
radiotherapy with bacteria showed a significant positive
impact on the tumor treatment and metastasis inhibition.
Although probiotic bacteria and radiotherapy alone can be
effective in the treatment of different cancers, the combi-
nation of these two therapies seems to enhance therapeutic
outcome and is cost-effective. Bacterial cells can act as
therapeutic/gene/drug delivery vehicles as well as thera-
nostic agents. In this communication, we reviewed current
evidences, studies, suggestions, and future-based directions
on combination of radiotherapy and bacteria. In another
sections, an overview on tumor hypoxia, bacteria in cancer
therapy, and combination of radiotherapy and bacteria is
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presented. A brief overview on trials and animal studies
which used bacteria to protect normal tissues against
radiotherapy-induced complications is also included.
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Introduction

Cancer is a leading cause of death throughout the world.
According to global cancer statistics, 14.1 million new
cancer cases were diagnosed in 2012 and 8.2 million
people died from cancer [1]. In addition, by 2025, 19.3
million new cancer cases are expected to be diagnosed each
year [2]. As a common feasible therapy approach, about
50-60% of cancer patients receive radiotherapy (RT) for
their treatment courses [3]. However, despite of its effi-
ciency, feasibility, availability, and specificity, RT was not
proven to be very effective in different cancers. RT failure
has a multifactorial etiology. These factors include large
tumor and/or advanced tumor stage, relative radioresis-
tance of tumors, failure to administer an optimal dose to the
whole tumors, limitations in dose increasing due to com-
plications of surrounding normal tissue, hypoxic and
necrotic areas within the tumors and problems of tumor
sites, and the ability of the surviving cells to repopulate
within a treatment time of 67 weeks [4].

Advances in radiation dose delivery systems and
machines, treatment planning systems, intensity and volu-
metric modulation, ion beams, and image guidance have
been found much interest among clinicians as new RT
approaches, but they have their own limitations and prob-
lems. Hyperthermia was shown to enhance RT and many
research studies are in progress with this modality [5]. In
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the new era of nanomedicine and gene delivery, there is
accumulating evidence which show that targeted therapy
may become a future-based remedial way to enhance RT in
cancer treatment [6, 7].

Different advanced strategies as combination therapy
have been proposed to overcome failure and also enhance
RT [8-10]. These strategies are based on the knowledge
regarding the main mechanisms of tumor radiation resis-
tance and also as a complementary mean to reduce radia-
tion-induced normal tissue toxicities. Begg et al. [11]
summarized best approaches to enhance RT. They con-
cluded that modulating different biological mechanisms
including DNA repair, cell-cycle checkpoints, signal
transduction pathways, normal tissue damage, and modu-
lating tumor microenvironment can enhance RT [11]. The
two main approaches to enhance RT outcomes were sug-
gested to be: “radiation sensitization” and “radiation
protection”.

As a novel and future-based strategy, RT enhancement
using bacteria is an active area of research. There are few
interesting research directions which showed that bacteria
can be used as an adjuvant modality to treat cancers
combined with RT. To the best of our knowledge, there is
no comprehensive review of all data in bacteria enhanced
RT. In the other hand, normal tissue protection using
bacteria has been investigated by many researchers and
also as clinical trials.

In the present study, we aimed to review current evi-
dences, studies, suggestions, and future-based directions on
combination of RT and bacteria. We conducted an over-
view on tumor hypoxia, bacteria in cancer therapy, and
combination of RT and bacteria. We also made a brief
overview on trials and animal studies which used bacteria
to protect normal tissues against RT-induced complica-
tions. At the end, we proposed conclusion remarks and
future-based approaches.

Hypoxia and RT

Molecular oxygen (O,) plays a vital role in RT. It is an
electron-affinic molecule which leads to DNA damage
after the absorption of energy from ionizing radiation
and must be present during irradiation. There are strong
evidences which showed that well-oxygenated tumors
are highly sensitive to radiation [12]. Tumors are formed
as heterogeneous tissues and contain radio/chemoresis-
tant hypoxic cells. Hypoxia has challenging definitions
because of changing oxygen levels among different tis-
sues. In tumors, hypoxia “develops as a result of an
imbalance between supply of, and demand for, oxygen
and, as such, depends both on the extent of blood per-
fusion and on the oxygen consumption of the cells in the

@ Springer

tumor” [13]. Hypoxia may be caused by a number of
factors and has a wide variety of concepts among dif-
ferent researchers. Speaking biologically, hypoxia has
different impacts on tumors. It can enhance main
mechanisms of tumor aggressiveness including angio-
genesis, vasculogenesis, invasiveness, metastasis,
epithelial-to-mesenchymal transition and suppressing
immune reactivity [14]. In addition, hypoxia can change
gene expressions that suppress apoptosis and receptor
tyrosine kinase-mediated signaling [15]. Hypoxia also
plays great roles in autophagy, cancer metabolism,
tumor genotype, genomic instability, reactive oxygen
species (ROS) production, and downregulation of DNA
repair pathways [16]. At the clinic, the most significant
feature of hypoxia is cancer therapy resistance, partic-
ularly RT. Hypoxia-induced RT resistance can be
explained as the following: in normoxic conditions,
molecular oxygen fixes ionizing radiation produced
DNA radicals and causes DNA damages and then cell
death, but in hypoxic conditions, DNA damage is
reduced and leads to cell survival. At molecular level,
hypoxia-inducible factor (HIF) and vascular endothelial
growth factor A (VEGF A) have great impacts on
radiation resistance. Under hypoxic conditions, the sta-
bilization of hypoxia-inducible factor 1oo (HIF1a) leads
to upregulation of genes involved in cell survival. As
RT induces ROS, it contributes to HIF1a stabilization
and so cell survival. In addition, hypoxia increases
VEGFA production that causes formation of abnormal
vessels which contributes to tumor hypoxia [17]. HIF-1
is a transcription factor which regulates hypoxic
response. Studies have shown irradiated tumors that
express more HIF-1 which can lead to up regulation of
different genes and signaling pathways which control
cell proliferation, survival, metabolism, angiogenesis,
and many other cellular functions that contribute to
radiation resistance. In a recent study, Feng et al. [18]
showed that hypoxia induces radiation resistance
through activated autophagy to accelerate the clearance
of cellular ROS products.

During last decades, several approaches have been
proposed to overcome hypoxia and also enhance tumor
oxygenation [19, 20]. Remedial methods including hyper-
baric oxygen [21], combination of carbogen (95% oxygen-
5% carbon dioxide) and nicotinamide [22], RSR-13 [23],
erythropoietin [24], blood transfusions [25], local oxy-
genation, nitroimidazoles [26], bioreductive drugs (mito-
mycin C and tirapazamine) [27], and various hypoxic
radiosensitizers have been used. Hypoxic radiosensitizers
mimic oxygen effect and thereby enhance RT-induced
DNA damages. On the other hand, bioreductive drugs
undergo intracellular reduction to form active cytotoxic
species under low oxygen tension.
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Radiotherapy-induced normal tissue damages

Unwanted exposure to therapeutic beams during the course
of RT can result in a wide range of normal tissues com-
plications including acute toxicities, mild chronic symp-
toms, or severe organ dysfunction [28]. Based on clinical
literatures, the volume of tissue irradiated, radiation dose,
fractionation scheme, the delivery of radiation modifiers,
intrinsic radiation sensitivity, tissue architecture, and dif-
ferent biological pathways determine the severity of such
complications [29]. The pathobiological mechanisms of
RT-induced normal tissue effects are complex and different
signaling pathways were explained and advanced resear-
ches are in progress. According to time of manifestation,
processes of such damages begin immediately after radia-
tion exposure, but the clinical effects may appear weeks,
months, or even years after treatment. According to this
time, RT injuries can be classified as acute, consequential,
or late effects. Acute effects are observed during the course
or within a few weeks after treatment. Consequential
effects may be caused by acute damage and appear later
than acute effects and late effects emerge months to years
after RT. To appear an RT-induced normal tissue injury, a
communication system of cells within the tissue, DNA
damage repair system, tissue vasculature, and its coagula-
tion system, bone marrow-derived inflammatory and
immune systems has the greatest role. The main mecha-
nism of RT-induced injuries points to DNA damage. There
are two types of DNA damage: direct and indirect. In
indirect defect, high-energy radiation ionizes atoms and
molecules (mostly water), which results in highly reactive
ions as ROS. The most important free radicals are hydroxyl
ROS which are highly reactive with DNA, proteins, and
lipids. Radiation is also capable of directly damaging DNA
and other critical molecules. By splitting biological bonds,
radiation creates single-strand breaks (SSBs) and double-
strand breaks (DSBs) within DNA molecule. DSB are
among the most serious types of DNA damage and their
signaling and repair is critical for all cells and organisms.
SSBs may lead to point mutations [30].

Bacteria in cancer therapy

The use of bacteria for cancer therapy has been studied
for more than one century; however, live bacteria were
used for first time [31]. Bacteria are used for cancer
therapy with different approaches. They have been used
as immunotherapeutic agents, vectors to carry tumoricidal
agents, and bacterial enzyme, also their toxins and spores
serve as anticancer drugs [32]. Bacteria, such Salmonella
typhimurium, Streptococcus pyogenes, Bifidobacterium

longum, Escherichia coli, and Clostridium spices (C.
sporogenes, C. oncolyticum, C. novyi, C. butyricum, C.
beijerinckii, C. acetobutyricum, and C. novyi-NT) were
used for cancer therapy [33]. Most of these bacteria can
grow in hypoxic regions of tumor selectively and destroy
cancer cells by producing enzymes including proteases,
lipases, and hydrolytic enzymes [34]. They also employ
inflammatory cells and, therefore, activate anti-tumor
immune responses to remove malignant cells. The most
bacteria used for cancer therapy is clostridium. The genus
Clostridium includes sporogenic, anaerobic, Gram-posi-
tive rods, which are a phylogenetically heterogeneous
group of obligatory anaerobic cells [35]. Clostridia are a
group of anaerobes that can successfully colonize necrotic
tissue. There is a wealth of papers in this subject, but we
reviewed main concepts of bacterial-assisted cancer
therapy.

Bacterial toxin-assisted cancer therapy

As an important issue with regard to bacterial-assisted
cancer therapy, bacterial toxins are of particular interest.
These agents act as proliferation, differentiation, and
apoptosis regulator materials, and thereafter control the
carcinogenesis processes [36]. They are also able to kill
cancer cells directly. In regards to cell-cycle control, bac-
terial toxins have different actions and they may act as cell-
cycle inhibitors or cell-cycle stimulators [32]. Cytolethal
distending toxins (CDTs) and cycle inhibiting factor (Cif)
are two main toxins as cell-cycle inhibitors which block
mitosis and compromise the immune system by inhibiting
lymphocytes proliferation [37]. These toxins can be
released by some Gram-negative bacteria such as Campy-
lobacter jejuni, S. typhi (release CDTs), and en-
teropathogenic and enterohaemorrhagic E. coli (release
Cif) [37]. Cytotoxic necrotizing factor (CNF) is a cell-cycle
stimulator toxin which can be released by E. coli. This
toxin acts on cell proliferation and differentiation and plays
key roles in carcinogenesis [38]. In addition, there are
specific bacteria which release toxins that bind to antigens
present on tumor surface. For example, diphtheria toxin
(DT), pseudomonas exotoxin, Clostridium perfringens
enterotoxin (CPE), botulinum neurotoxin (BoNT), alfa-
toxin from Staphylococcus aureus, AC-toxin from Borde-
tella pertussis, shiga like toxins, and cholera toxin bind to
the surface of cells and have remarkable roles in cancer
therapy [32]. On the other hand, cancer therapy can be
performed by conjugating toxins to cell-binding proteins
such as monoclonal antibodies or growth factors [39]. This
approach can be accomplished by targeting protein toxins
such as Pseudomonas exotoxin, diphtheria toxin, and ricin
[40].
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Bacterial spore-assisted cancer therapy

Spores are protected structure which are formed by bacteria
and allow them to survive in highly toxic conditions. In
suitable conditions, the spores germinate and the bacteria
thrive, thereby making them ideal to target cancers. Several
animal studies have shown that administration (e.g.,
intratumoral and intravenous injection) of bacterial spores
such as C. novyi-NT, C. histolyticum, and C. sporogenes is
feasible approach to treat cancers with lowest side effects
[41-43]. Therefore, bacterial spores have been employed
as targeted delivery agents to carry therapeutic and cyto-
toxic materials into tumor cells as well as vectors for gene
therapy [44].

Bacteria-assisted immunomodulation cancer
therapy

A number of studies have shown bacteria which can be
recruited as immunotherapeutic agents to enhance the
antigenicity of tumor cells [31]. In vitro and in vivo
investigations have reported that attenuated but still inva-
sive strains of bacteria such as S. typhimurium can trigger
the immune response and thereby destroy cancer cells
[45, 46]. Avogadri et al. [47] vaccinated tumor bearing
mice with S. typhimurium and then injected Salmonella
into tumors. They concluded that invasive S. typhimurium
can infect malignant cells both in vitro and in vivo. Several
studies have shown that C. novyi-induced massive leuko-
cytosis and inflammation have anti-tumor effects. Spore of
this bacterium can activate inflammatory pathways using
production of different cytokines including G-CSF, KC,
IL-6, TIMP-1, and MIP-2, and also kill cancer cells directly
[48, 49]. In addition, they confirmed that inflammatory
reactions which are contribute to bacterial infections
destroy cancer cells via production of degradative enzymes
such as proteases, production of ROSs and stimulation of
cellular immune response [50]. More animal studies and
clinical trials are in progress with genetically engineering
bacteria as immunomodulatory agents to treat cancer.

Bacteria as tumoricidal agents

Several studies have revealed that different live, non-
pathogenic (or pathogenic), attenuated, or genetically
modified bacteria serve as anti-tumor agents [51]. The
previous experimental studies have not dealt with patho-
genic species due to toxicity, illness, and death. A con-
siderable amount of literature has been published on
potential roles of anaerobic bacteria against cancer [52].
Because of their specific characteristics, these strains col-
onize anaerobic parts of tumors following intravenous
administration and destroy cancer cells via destruction of
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cell membrane and microtubule destabilization. Different
live probiotic bacteria were used for their anticancer effects
[53]. Experimental demonstration of this effect was carried
out on colorectal, breast, and bladder cancer. Lactic acid
bacteria include Lactobacillus spp., Bifidobacterium spp.,
and Streptococcus spp. Lactobacillus spp. were applied on
colon cancer [54].

In recent years, numerous animal studies carried out on
genetically engineered bacteria. The main aim for geneti-
cally modification of bacteria is to reduce their
pathogenicity to the host and increase their stability and
effectiveness on tumors [31]. Salmonella, a Gram-negative
non-spore forming facultative anaerobic bacterium is one
of the most common bacteria which have been used in the
field of genetic engineering as a vehicle for drug/gene
delivery and also as a therapeutic vaccine [34]. There are
pre/clinical trials which showed that genetically attenuated
serovar Typhimurium VNP20009 has low immune and
toxic side effects on experimental tumors [31].

Combination of radiotherapy with bacteria

Bacterial-assisted RT is the newest approach to deal with
hypoxic tumors. The combination of radiotherapy with
bacteria is a new active area of research. Although there are
few studies that applied bacteria to enhance radiotherapy,
but this field would be optimized as a new feasible strategy
in clinical radiation oncology. Bettegowda et al. [55] used
combination of spores of C. novyi-NT with different radi-
ation therapy approaches to treat transplanted tumors in
mice. They tested external beam radiation derived from a
Cs-137 source, systemic radioimmunotherapy with an
I-131-conjugated monoclonal antibody, and brachytherapy
using plaques loaded with I-125 seeds on several mouse
models. Their results showed that C. novyi-NT spores have
little therapeutic effect and the combination resulted in
long-term remissions in a significant fraction of animal. In
this study, complete and partial responses were found in
combination of a single dose of C. novyi-NT with
brachytherapy and external beam therapy, respectively.
They suggested that this combined therapy with the con-
ventional doses of radiation is toxic for sites such as liver.
In addition, they also reported that combination of C.
novyi-NT with radioactive iodine could allow patients to be
treated with lower doses of radiolabeled antibodies, thereby
minimizing toxicity to normal tissues such as the bone
marrow. Nuyts et al. [56] conducted a genetic radiotherapy
research and applied radiation as a potential gene delivery
agent. In this study, they isolated recA and recN genes, two
radiation-inducible genes of the SOS repair system of
Clostridium acetobutylicum DSM792, and confirmed radi-
ation activation of these genes at a dose of 2 Gy. These
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results indicated that fractionated radiotherapy could lead
to repeated gene induction resulting in prolonged and
enhanced protein expression. Thus, gene targeting by ion-
izing radiation could provide a new means of increasing the
therapeutic ratio in cancer treatment. Spatial and temporal
expression of therapeutic genes such as tumor necrosis
factor and cytosine deaminase could be induced [56]. They
suggested that radio-responsive recA promoter signifi-
cantly increases TNFo production in recombinant clos-
tridia after 2 Gy irradiation [57]. Jiang et al. [S8] evaluated
the tumor suppression effects of combining RT with bac-
teria. In this study, E. coli carrying pAClyA was injected to
CT26-bearing BALB/c mice and then they were irradiated
to various doses of radiation (0, 8, 15, 21 Gy). The best
outcome occurred was obtained in combination of the
bacterium with 21 Gy of radiation for the highest tumor
shrinkage and the complete eradication of the CT26
tumors. At 8 or 15 Gy, significant tumor shrinkage was
observed, but tumor regrowth started about 15 days after
bacterial injection. On the second trial, they treated tumor
bearing mice with 21 Gy radiation and various doses of
engineered E. coli (0, 5 x 106, 1 x 107, and 5 x 107
CFU). In this phase, complete response was obtained at
21 Gy combined with 5 x 10" CFU E. coli and also sur-
vival was significantly prolonged. At lower doses, results
were not significant. This study revealed that engineered
bacteria such as Escherichia coli strain K-12 can produce
cytolysin A (ClyA) to enhance the therapeutic effects of
radiation. In addition, the results confirmed that bacteri-
olytic therapy and radiotherapy could exert a striking
inhibitory effect on the development of tumor metastasis.
Platt et al. [59] investigated anti-tumoral effect of lipid
mutants Salmonella strains (Salmonella YS1456 and
YS1646) in combination with X-rays against tumor bearing
mice. They conducted their experiment as follows: C57B6
or DBA/2J female mice were injected with B16F10 or
Cloudman S91 melanoma cancer cells and then were fur-
ther inoculated intraperitoneally or intravenously with
Salmonella 2 x 10° CFU/mouse. After that, tumors were
irradiated with 0—15 Gy X-rays act 1.109 Gy/min dose rate
(using 250 kV 15 mA X-ray machine with 2 mm alu-
minum equivalent filtration). Results showed that combi-
nation of Salmonella and X-rays has supra-additive anti-
tumor effects, with a greater slope of the dose-response
curve. They also suggested that at higher doses
(25-50 Gy), the supra-additive effect was not distinct,
because this would have required full fractional dose—re-
sponse. Liu et al. [60] studied combination of radiotherapy
with engineered Salmonella typhimurium AppGpp (S.t
AppGpp). This research was conducted to study an engi-
neered theranostic bacterium to carry imaging probes and
therapeutic molecules for tumor imaging and therapy,
respectively. Imaging probe was bacterial luciferase, Lux,

and Cytolysin A has been selected as therapeutic agent.
Radiotherapy contributed to Salmonella. Typhimurium
colonization in a colon tumor (CT26) model of BALB/c
mice. RT was delivered in 21 Gy at three fractions. Bio-
luminescence imaging also was done and data were ana-
lyzed. Results indicated that combination of bacterial
therapy and radiotherapy treatments reduced tumor growth
compared with sole bacteria therapy.

Bacteria as radioprotector

Different approaches were suggested and applied to reduce
radiotherapy-induced normal tissue toxicity [61, 62]. As
clinically important agents, radiation modifiers and pro-
tectors can alter the response of normal tissues to RT. The
application of bacteria to reduce normal tissue damages
during or after RT has been suggested and implemented by
different researchers. Different types of bacteria were
suggested to reduce RT side effects. Based on their special
property, gas producing bacteria have many beneficial
effects [63-66].

As probiotics, bacteria have many health benefits. The
beneficial effects of bacteria include modulation of
antioxidant status, apoptosis, DNA damage, and stimula-
tion of immune system according to World Health Orga-
nization; probiotics are “live microorganisms which when
administered in adequate amounts confer a health benefit
on the host” [67]. The use of probiotics to preserve normal
tissue during radiotherapy has been shown in preclinical
and clinical studies. These studies showed that probiotics
have a role in the prevention of radiation-induced injuries.
Ciorba et al. [68] tested probiotic bacteria (Lactobacillus
rhamnosus GG) as potential radioprotective agents in
C57BL/6 wild-type mice intestine before 12 Gy whole
body radiation. The bacterium reduced radiation-induced
epithelial injury and improved crypt survival. A TLR-2/
MyDS88 signaling mechanism can lead to repositioning of
constitutive COX-2-expressing mesenchymal stem cells of
the lamina propria from the villi to the crypt region.

In an animal study by Demirer et al. [69], supplemen-
tation of Lactobacillus delbrueckii, subspec. Bulgaricus B3
strain as a probiotic agent led to intestinal and gastroin-
testinal toxicity prevention in irradiated male Wistar rats.
In another animal study, a probiotic compound containing
Lactobacillus acidophilus, Lactobacillus helveticus, and
Bifidobacterium spp was administrated to male Wistar rats
and acute radiation enteritis with particular interest in
endotoxinemia and bacterial translocation was studied [70].
They conduced that probiotics may have worthwhile ther-
apeutic and preventive effects for radiation-induced
enteritis. There are several, randomized clinical trials and a
meta-analysis which studied therapeutic and preventive
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effects of probiotics in RT patients [71]. Most of these
trials are related to reduce RT-induced diarrhea and also
other parts of lower gastrointestinal tract. In a large double-
blind, randomized, placebo-controlled study trial
(n = 482), patients receiving a probiotic mixture contain-
ing viable lyophilized bacteria from several different
strains of lactobacilli showed significantly lower incidence
severity of RT diarrhea compared to placebo [72]. In
another study, the preventive effect of Lactobacillus brevis
CD2 lozenges against oral mucositis in head and neck
cancer patients receiving chemoradiotherapy was studied
[73]. In a randomized double-blind control trial, Demers
et al. [74] administrated L. acidophilus-361 and B. longum
probiotics as prophylaxis to 229 pelvic RT patients. Results
showed that severe diarrhea was significantly lower at day
60 in the standard-dose, but not high dose group compared
to placebo. In a Swedish randomized trial, 24 pelvic RT
patients received a probiotic compound containing live L.
acidophilus bacteria in a daily regimen as 5 days prior to
RT and to 10 days after completing RT. Results showed
that the bacterium probiotic significantly reduces the inci-
dence of diarrhea [75]. In a Spanish prospective random-
ized placebo-controlled trial, 85 pelvic RT patients
received liquid yogurt containing L. casei or placebo three
times per day starting 1 week prior to RT. They observed
no significant reduction in diarrhea [76]. In a large Italian
double-blinded, placebo-controlled randomized trial, 490
patients undergoing postoperative RT for colorectal or
cervical cancer were called to take viable lyophilized
probiotic bacteria including strains of Lactobacilli, Bifi-
dobacteria, and Streptococcus. Result of this study showed
that diarrhea significantly was reduced [77]. Therefore,
probiotics clearly have a beneficial role in prevention of
radiation-induced toxicity. However, a summary of studies
on probiotics used as radioprotective agents is listed in
Table 1.

Theranostic approaches

Theranostic, as a new personalized medicine subject, can
be defined as a material that combines therapeutic and
diagnostic. It aims to deliver therapeutic drugs and diag-
nostic imaging agents at the same time within the same
dose [78]. The main aim of theranostics is combination of
therapy and diagnosis into one package to image and
monitor the diseased tissue, delivery kinetics, and drug
efficacy with the long-term hope of gaining the ability to
tune the therapy and dose [79].

In recent years, there has been a body of research evi-
dence in the engineering of different types of theranostic
nanoparticles for cancer imaging and therapy [79]. The
main aim of these studies was to find the most efficient,
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targeted, biocompatible, and biodegradable theranostic
nanoparticles to obtain highest imaging and therapy out-
come. Ideal theranostic nanoparticles have to pass different
criteria including safety, high clearance from the body,
rapid, and selective accumulation in target tissue, report
biological characteristics of target, and efficiently deliver
sufficient therapeutic agents to target tissue with the lowest
damage to surrounding healthy tissues. Chen et al. [80]
have discussed on the ways by which theranostic
nanoparticles can be engineered. These were: (a) loading or
conjugating therapeutic agents to existing imaging
nanoparticles (e.g., quantum dots, iron oxide nanoparticles,
and gold nanocages); (b) tagging of imaging contrast
agents (e.g., fluorescent dyes, optical or magnetic
nanoparticles, and various radioisotopes) to the existing
therapeutic nanoparticles; (c) encapsulating both imaging
and therapeutic agents together in biocompatible
nanoplatforms (e.g., polymeric nanoparticles, ferritin
nanocages, and porous silica nanoparticles); (d) engineer-
ing of unique nanoparticles (e.g., porphysomes, 64Cu-CuS,
and gold nanoshells or cages) with intrinsic imaging.

The enhancement of RT effects using nanoparticles is
one of the most rising landscapes in personalized oncology
era. Radiosensitizing effects of nanoparticles enhance the
biological effects of RT within the target and spares heal-
thy organs [81]. As the physical base, the main interaction
between RT and high atomic number nanoparticles is
photoelectric effect which leads to diffused photons, pho-
toelectrons, Auger electrons, and ROS that increase bio-
logical damages [82]. The main nanoparticles are gold
(Au), gadolinium (Gd), iron (Fe), bismote (Bi), titanium
(Ti), and hafnium (Hf). As discussed for theranostic
approach, gadolinium is the most well-known nanoparticle
which can be applied as contrast agent for MRI to obtain
high spatial resolution and excellent soft-tissue image. It is
also an effective radiosensitizer, since it has a high capture
cross section due to its high atomic number (Z = 64) and
can interact with high energetic radiations [83].

Application of bacteria as theranostics agents is of
particular interest. Because bacteria have special biological
characteristics, they can be used theranostically; for
example, they are able to transfer genes into cancer cells
and can be used for tumor diagnosis. In an interesting
study, Park et al. [84] constructed bacteria-fluorescent bead
conjugates for tumors imaging in living animals. Genetic
engineered interventions led bacteria to express specific
proteins which are of importance in cancer cell death
pathways such as TNF-related apoptosis-inducing ligand
(TRAIL), Fas ligand, and convertor enzymes [85]. More
recently, studies have noticed interesting findings about
quorum sensing (QS) system in engineered bacteria. QS
has been reported as a switching mechanism among bac-
teria to distinguish between cancer and normal tissues. This



133

Clin Transl Oncol (2018) 20:127-139

(@) syewaAoW [omog
AouQ)s1Su0d [00)s pasoxduy

[vo1l (@ (%6) wayLEp
‘Te 19 xnreuedejy) €—C opei3 Jo A111oAag

(Q) £3101X0} 219A9S
(@) snroo pue spuLuy

[zL] Te 30 erleQ (Q) eoyurerg

[0L] ‘Te 312 TedS () uoneUIWEIUOD [RLId)ORY

BOULIBIP 99Nl JoU

[92] B 12 eI (1) KoudIsISUOd [001§

(@
uonnu[ew pue sHLUY

[69] 'Te 30 121D (D Sureoy

(@) voy1relp jo

[LL] ‘Te 3@ ere@  suonedrdwod pue AILIAdS

(@) uonewwreguy

[€0T] "Te 30 nry (@ Amfur reunsoyug

eayLIRIq

eayLIRIq

(D snuauy
() erwaurxojopuyg

(1) erwardjoeg

eayLIRI

uoneso[suel) [eLIloRg
uondiosqerewr [euIIOpPqy
Ayi3ayur resoonw uondnisig

BOULIBIQ

royLIRI(]

orjowo)seue uo[od ur Amfuy

(1) sme3s aunuwrwat oy daoxdwy

@
pue eL)oeq druasoyied ayy
yia uonoeIajur dAnnedwo))

(@) uonewWWRPUI [RUN)SAU]

(Q) £y1o1%0) [RUNSAIUY

(@) eu2)oRq 2ANERSU

-WeID) Bruourxojopud

UONEOO[SUET) BLI)ORq
JATIESOU-WEID) JO JUOAdIJ

(1) euI0Rq O1uadoyied
pUB [BSUSUILIOD UM)dq
uonoerul dannaduio))

(@ Ananody
(1) eseurajordoqrerow
XLIJBW ‘SeYIUAS IPIXO
omiu pue (ANJ]) ewwed
uoropu] ‘(v-JN.I) Ioroey
SISOIOQU Jown ], ‘[ -UDNIIAIuL
SaUD0IA0 AI0jRWIMIRUIOI]

(D (01-unnaprajur)
QU010 KlojewwRyUI-UY

(@) uoneoo[suer) [eLIAORY

S[[90 TeunsauI
ul UOIJBWWEYUL JO UOHB[NPOIA

(@) (OdIN) oseprxorodoreAur
UOT)BIIUIOUOD UdFR[[0D

£D2 00 2sop

e s Aderoyjorper a10j§oq

(Tw/ngs 01 X 7) eLI21dRq

onoiqoid paA1adal J00ULD
[BOTATRD M SjUANeq

(Ao 0L
pue 09) Aderoy) uorjerpex
I9)Je (e1230eq pazIIydoA]

J[qeIA) E4TSA PoAIROaI
190UBD [BOIAID IO ‘[B10a1
‘prowSts ynm syuaned ¢

uswopqe ay)
uo(Ap (°g) Aderayorper
19)je amxrur onorqoxd
(I12 Yeay) 2anoeUI

JOATIOR UB PIJ 2IoMm SIBY
syuaned 44 ur
(D 05—6p) Aderayporper
orpad 103 (3/n4D

¢0D) T00 ¥11-NQ #2512
"7 JO UonensIuIupe eI

eare o1ajedourwiopqe

) 0} uoneIper

-A Jo AD 17 jo @sop

Q[3uls ® UONEBIPRLI Io)je

SJel ()] UI SnJ[I0eqOIoe|

JO W 7 JO uonensmuiupe
[eI31UL IO [BID

IOOURD [BOTIATD

10 ‘Te30a1 ‘prowdIs ym

siuened 06T UI #TSA
Jo uonensturwpe K[[eIQ

A66C
wniejuerd snyroeqojoR|
M PIjeal) AIOM [OTYM

(Kep/£D (1) uewopqe
IOMO[ ) JO uoneIper
[BUIIIXD PIATIIIAIL

sje1 Aopme—onseldg

wnpifiq wnii23opqopifig
‘snjiydop1op snjj1ovqoony

sapydoutiay |
“dsqns snuwaips sn220201da.11§
pue pLI21ODPGOPYIq 1]10DqOIOD]

wni2100qopLig
pue snoyaajay -1 ‘smjydopiov T

100 ¢1[-Nd12sD2 Snjj1onqoovy

cgsnoupdng ~dsqns 1y0an.4qjap 7

(E#ISA)

SHLIDADS $1220001d2.13S

pue dds wmiiaonqopifig
pue “dds snjjovqorony

AG6T winivjupyd snjj1onqoIdnT

SAQUAIRJY SINS9Y

uonedrdwod uoneipey

uonoe Jo SWSIUBYIA!

SQINJE9) pue POy

B1I19)oRq Jo odA,

eLI19108q 9A1)09)0xdorper Jo Arewrwing T d[qe],

pringer

A



Clin Transl Oncol (2018) 20:127-139

134

(£D 0z 9 01

JO 3SOp IIM UOTBIPR.LIT)

BSOONW S[OMO0Q

Jo 1Stey sn|[IA oY) pue
SSQUYOTY} Y} JOo SuTudIoyYS

(@) s1emoq Treurs

[L01] ‘B30 I Jo soSewep [esoonw Y],

®

juaunear) SuLmp sjUNod

WNLI21oDqopIig pue
$M]]190qQ0IODT SJUNOD J[qBIA

(D wna190q0pifig
pue snjjopqo1vY
) JOo AI10A009Y

[901]
‘Te 19 SLRd-eroren

(Q) reatams 3d£1o saoxduy

[89] "Te 10 eqIOID (@) stsoydode ferjaypidy

(@

[€L] e 10 prIRYS  snisoonw (9%TS) /€ APeID

() uonerpe:
Io)Je QOTW JO )l [BAIAING

[o1] eyeuey, (D 9-T1 pue e1eq [-11

A3oroydiowr
[esoonw [omoq Ul SOSueYDd SHILIU

Nilaeilia|

Adexoyy uonerper Suumnp Amfuy

spIsoonw [BIQ

uoneIper Jsurese aoue)sIsay

(KD 0T pue ‘G|
‘01 Aderayyorper) 1a0ued
o1A[ed 10 [RUTWIOpPQE YIIM
s1el ur (Juy/ngo 01 X 0°1)
snjiydoproe
§npopqorT W ¢

Jo uonensmuIwpe A[eIQ

JIoLLIRq [BUTISOIUL
Q) 9010JuIal S[9AQ] [ewnido
0) BIOPJOIOTW [0MOQq JI0ISAY

HSIH Aq poutuIo)ep a1om
SIUNOD wWinii21oPqopIfig
pue snjj1ovqo1n|
‘Kderayiorper 19y
pue 210J2q ‘A[IEp 901M)
ULI)X9pOol[eW pue dIqY JO
AINXIW Y pajensiuiupe
190UBD [BOISO[0JAUAS
Pim syuaned ¢

() soo9ey
Ul SPIOE 9[Iq SUONEBNUIIUOD)

(@) siidey

SOp101910Bg JO SIOqUINN

(@ Hd

(1) suonenuaduod AeIking
(Z-9seua3AX00[0£))
¢-X0D pue
(88 2uag ssuodsar Arewrnid
UONETIUAIOHIP PIO[AAA])
88AAIN ‘(zr01dooay
MIT-TI0L) T-Y1L

Jo Aemyjed Surfeusdis aAnoy

uoneIpe.LI
KD 7T 210j2q dnorqoid
POIQISIUTWIPE dIM

ot 3dA)-prim 9/TdLSD

(Syoom ¢,

I9A0 SUOTORI) G¢/SARID)

0L) Aderayorpeiowayo

21029 £Ad

§142.4q 7 JO S[[9d J[qeIA ([W

/MJ9) (0T X T pajensmumupe

syuoned (DDSNH)

BUWIOUIDIRD [[90-snowenbs

Yoau pue pesy 88|

umowun)
(uru/AD 16°0-6+°0)
Ade1oyy uonerper
axd sotwr SH/HED
SNl 03 A[snoauenogns
QUD0IAD payoafur (OTH) 12502

K1o0jewrwrepurord uonenWNS Snjj1oPqoIdVT PN -1B9H

snjydop1ov snj1opqo1ovT

WNLI2IODGOPYIg PUR SNJJIODGOIIDT

(597)
DO snsouwvya SNJj1IPqoIdVT

ZaDs142.4q SNJJ10DqOIIVT

12812 $NJJ1ODPGOIIVT

SQOURIOY s)nsoy

uonedrdwos uonerpey

UoI)O. JO SWSIURYIIA SOINJEaJ pue POYIoIN

B1I19)0Rq Jo odA L,

penunuod T dqe],

pringer

A's



Clin Transl Oncol (2018) 20:127-139

135

Table 1 continued

Results References

Radiation complication

Mechanisms of action

Method and features

Type of bacteria

Nomoto et al.

Granulocyte colony-

Subcutaneously injection of Modulates the immune system Modulation of serum colony-

Lactobacillus casei YIT 9018

[108]

stimulating factor (G-

stimulation

serum colony-stimulation

(CSF) (D

probiotic bacteria into the

CSF) (I) granulocyte-

left inguinal region of the

two different strains of
mice (C3H/HeN and

macrophage colony-

stimulating factor (GM-

CSF) (I)
Numbers of blood

C57BL) immediately

after irradiation a single

or in divided dose (once

daily for 4 days,
7.5-10 Gy)

leukocytes, erythrocytes,
platelet (I) and prevention

oxidative damage

In this table, we summarized studies which have been used different bacteria as radioprotector, methods, results, and their mechanisms of action by which bacteria reduced radiation-induced

complications

I increase, D decrease

approach was reported in QS-sensing-engineered E. coli
and Salmonella. In another bacteria-assisted theranostics
issue, because of difference in immune system strength
between normal and cancer tissues, some (engineered)
bacteria can be cleared by immune system in normal tissue
but not in tumors [86]. Quispe-Tintaya et al. [87] benefited
from this method and developed radioactive Listeria
(conjugation of radioactive Rhenium using Listeria-binding
antibodies) as a theranostic approach to image and treat
pancreatic cancer recurrence and metastases.

In a recent paper, Luo et al. [88] introduced the bacteria-
mediated targeting hypoxia as a theranostic agent. In this
work, two delivery methods including a cargo-carrying and
an antibody-directed method were recruited for delivering
upconversion and gold nanorods for imaging and photo-
thermal therapy, respectively. In this subject, two forms of
the anaerobic Bifidobacterium breve and Clostridium dif-
ficile were used as mediating agents for nanorods delivery
which had been exited using near-infrared light.

Theranostic nanoparticle producing bacteria

There are different microorganisms which biosynthesize
intracellular and extracellular nanoparticles. They grab
metal ions from the environment and turn them into metal
element using enzymes derived by cell activities. Theses
nanoparticles have a wide variety of applications including
biosensors, drug and gene delivery, cancer imaging and
treatment, antibacterial agents, and in many different sci-
ences [88]. These biosynthesized nanoparticles can be cat-
egorized to metal, oxide, sulfide, and other nanoparticles.

As discussed earlier, different nanoparticle can be used
theranostically. There are no reports of using nanoparticle
producing bacteria as theranostic agents, but they were
used as contrast media to image tissues. Magnetotactic
bacteria (MTB) are well-identified bacteria in this field as
magnetic resonance imaging (MRI) contrast agents [89].
These bacteria have specific intracellular structures, called
magnetosomes, which synthesize nanometer-sized miner-
als magnetite (Fe304) or greigite (Fe3S4). For example,
Magnetospirillum magneticum strain AMB-1 (AMB-1)
coordinates over 100 genes to synthesize magnetic
nanoparticles which are highly effective MRI contrast
agents [90].

Theranostic gas producing bacteria
A considerable amount of literature has been published on
gas producing microorganisms particularly bacteria. They

produce various gases as a result of intestinal microbial
colonization, metabolism, and subsequent fermentation.
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Studies show that these gases have several effects on
gastrointestinal system and can be used as diagnostic
markers. These gases include hydrogen (H,), carbon
dioxide (CO,), hydrogen sulfide (H,S), and methane
(CHy). There are indications that these gases are produced
as gas vesicles [91]. For example, there are some few
species of Haloarchaea (e.g. Halobacterium salinarum and
Haloferax mediterranei) which produce filled gas pro-
teinaceous nanocompartment vesicles [92]. These vesicles
are gas permeable protein-shelled compartments with typ-
ical widths of 45-250 nm and lengths of 100-600 nm
which enable cells to migrate to regions with optimal
conditions. In an interesting study, Shapiro et al. [93]
employed these vesicles as contrast agents for ultrasound
imaging. They imaged intravenously injected gas vesicles
(from Anabaena flos-aquae and Halobacterium NRC-1)
mice using a scanning single-element ultrasound imaging
system operating at 18 MHz. Their result showed that gas
vesicles are promising new molecular reporters for ultra-
sonography with a feasible image quality. The main
mechanism of these agents as contrast molecules is cavi-
tation. Gas bubbles can act as nuclei for cavitation in an
ultrasonic filed. In addition, these microbubbles can be
used as therapeutic agents and also as vehicles for drugs or
genes delivery [94]. Scientific evidence suggested that
destruction of microbubbles with ultrasound is an ongoing
mechanism to treat cancer and many other diseases. Sev-
eral theranostic microbubble approaches are tested in ani-
mal trial studies and many others are currently being
undertaken [95]. For example, Wang et al. [96] created and
tested a theranostic microbubble containing a recombinant
fibrinolytic drug, an echo-enhancing microbubble, and a
recombinant thrombus-targeting device in form of an
activated-platelet-specific single-chain antibody for ultra-
sound imaging and thrombolytic therapy in a mouse model.
Ultrasound-guided RT using such contrast agents provides
better image quality and survey motions during treatment.
In this era, bacterial-assisted image guidance RT may be
suggested for future-based personalized medicine.

Discussion

Radiotherapy remains the most feasible modality to treat
many cancers. Different randomized trials have shown
innovations in radiotherapy technology. They yielded bet-
ter patient care over time; however, these technologies
have several limitations including cost, availability, main-
tenance, complexity, and many others. Various problems
such as tumor hypoxia, radiation resistance, and normal
tissue damages have unsuitable impacts on RT.

In recent years, several studies indicated that bacteria
have potential roles to enhance RT effectiveness as

@ Springer

radiation sensitizer/protectors. Several mechanisms under-
lying bacteria-induced radiation sensitization were pro-
posed. Bettegowda et al. [55] discussed the mechanism
through which C. novyi-NT enhances the RT effect. They
concluded that C. novyi-NT sensitizes hypoxic radioresis-
tant parts of tumors and thus, exacerbating bacteriolysis of
tumor endothelial cells which have undergone RT-induced
microvascular damages. Such microvascular damages
would increase the niche for C. novyi-NT growth by cre-
ating more hypoxic areas within tumor. It should be
reminded that this bacterium is not a predefined or classical
radiosensitizer, and may be called a radioenhancer, due to
its different mechanism of action. Platt et al. [59] suggested
that Salmonella secrete molecules which inhibit repair of
radiation damage and thereby increase cellular radiosen-
sitivity. In addition, radiation can change bacterial
microenvironment and rendering it more accessible to
induce infection. In the other hand, radiation make tumor
cells more vulnerable to Salmonella infection/toxin and
then to immune attacks. They also reported that radiation
can increase the number of Salmonella. The fact that
bacteria colonize within hypoxia area in tumors can make
them suitable for cancer treatment. Bacteria also can
directly target tumors and are able to have anticancer
effects. There is a body of research evidence which has
proposed tumor vascular abnormalities as a feasible reason
for bacterial-assisted cancer therapy. Existing evidence
shows that when a tumor is developing, new blood vessel
formation has a disorganized manner with incomplete
endothelial linings/blind ends which make them leaky and
thereby permeable to bacteria. Because such disorders are
contributing to inefficient transfer of oxygen and nutrients
in tumors, it can provided favorable conditions for anaer-
obic bacteria colonization. Jibu et al. [97] showed that
intravenously injection of E. coli as well as E. cloacae in
forms of live as well as inactive cells reduce the number of
metastatic lung colonies after abdominal irradiation. They
concluded that bacterial lipopolysaccharide (LPS) is an
effective component for this inhibition. LPS can activate
several immunological effectors such as macrophages, NK
cells and thereby induction of TNF, interferon, vascular
endothelial damage, and augmentation of the adhesion of
granulocytes and lymphocyte.

The combined therapy using radiation and bacteria has
several benefits. Because bacterial cell production is simple
and cost-effective, this therapy provides an alternative
treatment for advanced cancers and metastases. In addition,
genetic manipulation of bacteria makes them more target-
ing agents with lowest side effects. Specific biological
property of bacteria including enhanced permeability and
retention (EPR) effect causes bacteria to preferentially
accumulate in tumors after injection with highest values
and clear rapidly from normal tissues [98].
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There are interesting studies which have used combi-
nation of bacteria and hyperthermia to treat cancer. Dietzel
et al. [99] tested a combined modality of C. oncolyticum
and radio-frequency hyperthermia on mice-bearing neck
tumors. They revealed that warming of the tumor up to of
4244 °C wusing local RF hyperthermia significantly
enhanced tumor oncolysis by C. oncolyticum. In similar
work, this effect was tested on slowly and rapidly growing
tumors based on the thermic dose. They concluded that
oncolysis intensification in tumors is mostly marked 12 h
after hyperthermia and rapidly growing tumors regenerate
more quickly than the slowly growing. In addition, a period
of 12 h between hyperthermia and injection of clostridia
represents a favorable interval for the timing of slowly as
well as of rapidly growing tumors [100].

It also should be reminded that almost all bacteria are
radioresistant and fractionated radiotherapy in the con-
ventional doses or also in single doses had very little effect
on the survival of bacteria. For example, Platt al. showed
that exposure of the Salmonella to 20 Gy X-rays resulted in
>90% survival of the bacteria. However, radiosensitivity is
dependent to type of strain [59].

Based on several evidences mentioned above, in com-
bination with radiation, bacteria act as a double edge
sword. On the other hand, microbiota plays a vital role in
response to radiation. As consisted of 10-100 trillion
bacteria, human body (adults) is full of natural radiosen-
sitizer/protectors. The role of gut microbiota in regulation
of intestinal radiosensitivity was studied by Crawford and
Gordon [101]. They reported that Fiaf, a microbiota-regu-
lated, epithelial-derived, secreted protein, has a major role
in radioresistance. In addition, it has been suggested that
intestinal microflora enhance the mitotic rate of epithelial
cells and act as radiosensitizer. Therefore, intestinal
microflora play a radioprotective role against radiation-
induced damages by activating Toll-like receptors (TLRs)
present in intestinal tissues [102]. Different components of
these bacteria including peptidoglycan, teichoic acid,
lipopolysaccharides, ‘O’ side chain, flagellins, and
lipopeptides are potent activators of TLRs. Activation of
TLRs regulates genes associated with immune system
stimulation, DNA repair enhancement, apoptosis reduction,
and G2 phase cell accumulation.

There are several limitations and problems associated
with using bacteria-assisted cancer therapy, including
bacteria-induced toxicity, systemic infection, DNA dam-
age, and also selection of feasible bacterial strain and
convenient dose. However, these limitations can be
removed using genetic manipulations.

In future, engineered bacteria in the forms of theranostic
and therapeutic may have more feasible applications to
enhance radiotherapy outcomes. Developing such agents
needs further research studies and also clinical trials.

Conclusion

Here, we have reviewed the principles and applications of
bacteria alone or in combination with radiotherapy to enhance
cancer treatment. Application of bacteria as hypoxic
radiosensitizer and also as normal tissue protector is an
interesting remedial approach to enhance radiotherapy out-
come. The potential role of bacteria as theranostic agents is an
active area of research and many research studies are under
investigation. In the future, bacteria as therapeutic or thera-
nostic agents would maximize the likelihood of radiotherapy
efficacy and minimize the risk of normal tissue toxicity.
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