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Abstract

An ever-growing body of evidence has linked the gut microbiome with both the effectiveness and the toxicity of
cancer therapies. Radiotherapy is an effective way to treat tumors, although large variations exist among patients in
tumor radio-responsiveness and in the incidence and severity of radiotherapy-induced side effects. Relatively little is
known about whether and how the microbiome regulates the response to radiotherapy. Gut microbiota may be an
important player in modulating “hot” versus “cold” tumor microenvironment, ultimately affecting treatment efficacy.
The interaction of the gut microbiome and radiotherapy is a bidirectional function, in that radiotherapy can disrupt
the microbiome and those disruptions can influence the effectiveness of the anticancer treatments. Limited data have
shown that interactions between the radiation and the microbiome can have positive effects on oncotherapy. On
the other hand, exposure to ionizing radiation leads to changes in the gut microbiome that contribute to radiation
enteropathy. The gut microbiome can influence radiation-induced gastrointestinal mucositis through two mecha-
nisms including translocation and dysbiosis. We propose that the gut microbiome can be modified to maximize the
response to treatment and minimize adverse effects through the use of personalized probiotics, prebiotics, or fecal
microbial transplantation. 16S rRNA sequencing is the most commonly used approach to investigate distribution and
diversity of gut microbiome between individuals though it only identifies bacteria level other than strain level. The
functional gut microbiome can be studied using methods involving metagenomics, metatranscriptomics, metapro-
teomics, as well as metabolomics. Multiple ~omic’approaches can be applied simultaneously to the same sample to
obtain integrated results. That said, challenges and remaining unknowns in the future that persist at this time include
the mechanisms by which the gut microbiome affects radiosensitivity, interactions between the gut microbiome and
combination treatments, the role of the gut microbiome with regard to predictive and prognostic biomarkers, the
need for multi"-omic”approach for in-depth exploration of functional changes and their effects on host-microbiome
interactions, and interactions between gut microbiome, microbial metabolites and immune microenvironment.

Background

Radiotherapy is a core modality used for the treatment of
solid tumors [1]; more than 50% of patients with newly
diagnosed cancer will receive radiotherapy over the
course of the disease [2, 3], 60% with curative intent [4].
Although considerable progress has been made in the
development of radiotherapy, its main limitations remain
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its effectiveness and safety. Clinical factors such as tumor
size, disease stage, or tumor differentiation account
for some of the heterogeneity in response to radiation
among patients [5]. Accumulating evidence has also
implicated biological factors in the ultimate outcomes of
radiation therapy [6, 7], such as intrinsic radioresistance,
hypoxia, inflammatory cell infiltration, and host immu-
nity changes in the tumor microenvironment.
Radiotherapy is also associated with toxic side effects
that negatively affect patients’ quality of life. Acute
toxicities that may affect the patient’s ability to com-
plete a treatment course include mucositis, dermatitis,
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cystitis, and bone marrow suppression. Chronic tox-
icities include fibrosis, vascular damage, or atrophy of
the affected tissue or organ [4]. However, the incidence
and severity of radiotherapy-induced toxicities vary
substantially among patients [8]. Among the identified
risk factors for developing toxicities are those related to
therapy (radiation dose, volume, fraction, and site, and
concomitant therapies) and those related to patients
(age, sex, smoking, comorbid conditions, and genetic
variations) [8, 9].

The gut microbiome can influence both the effective-
ness of cancer treatment [10-13] and the severity of can-
cer treatment-induced gastrointestinal toxicities [14—18].
Microbiota niche can modify efficacy and toxicity pro-
file of different onco-therapeutic treatment modalities
from chemoradiotherapy to immunotherapy. Conversely,
each of these treatment modalities has numerous effects
on the gastrointestinal flora, causing changes in the gut
microbial community that affects host morbidity and
mortality [19]. The gut microbiome has been shown to
affect the effectiveness and toxicity of various chemo-
therapies and immunotherapies through several mecha-
nisms, primarily by modulating immune responses [20].
However, little is known about whether and how the gut
microbiome modifies the response to radiotherapy [21].
Here we review “facts and fiction” regarding the nature of
the interactions between radiotherapy and the gut micro-
biome. We discuss the potential influence of the gut
microbiome on the antitumor effects of radiotherapy and
its role in radiotherapy-induced gastrointestinal mucosi-
tis. We further explore the underlying mechanisms by
which radiation and the gut microbiome participate in
immunomodulation, and discuss potential treatments
aimed at modifying the functions of the gut microbi-
ome. We also summarized approaches to study the gut
microbiome.

Interplay between the gut microbiome

and radiotherapy effectiveness

Gut microbiota may be an important player in modu-
lating “hot” versus “cold” tumor microenvironment,
ultimately affecting treatment efficacy [22, 23]. The gut
microbiome is known to influence the effectiveness of
various therapeutic strategies [24-27], including sur-
gery, chemotherapy [27], androgen deprivation therapy
[28] and immunotherapy [25, 29]. The role of the gut
microbiome in radiosensitivity is a new concept that
has generated substantial interest, but to date few origi-
nal studies have had convincing results [21]. Relatively
little is known about how the microbiome regulates the
response to radiotherapy. What information is available
is summarized in the following paragraphs.
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Bidirectional effects of radiation and gut microbiome
composition

The interaction of the gut microbiome and cancer ther-
apies, including radiation, is a bidirectional function,
in that anticancer treatments can disrupt the microbi-
ome (e.g., promoting dysbiosis) and those disruptions
can influence the effectiveness of the anticancer treat-
ments (Table 1). Kim et al, in characterizing the mouse
gut microbiome, found that radiation causes significant
changes in both the abundance and diversity of that
microbiome, with increases in Alistipes and decreases in
Mucispirillum genera [30]. A clinical study showed that
pelvic radiotherapy resulted in remodeling of the overall
gut microbiome composition, with a 10% decrease in Fir-
micutes and a 3% increase in Fusobacterium phyla [16]. A
study [31] analyzing 45 fecal samples from patients with
rectal cancer before concurrent chemoradation showed
Bacteroidales (Bacteroidaceae, Rikenellaceae, Bacte-
roides) were relatively more abundant in patients with
non-complete response (CR) than those with CR. Duo-
denibacillus massiliensis was linked with the improved
CR rate. Generally, the most significant changes in the
gut microbiome associated with cytotoxic chemother-
apy or radiotherapy are increases in Bacteroides and
Enterobacteriaceae and decreases in Bifidobacterium,
Faecalibacterium prausnitzii, and Clostridium clus-
ter XIVa [32]. Gut microbes can also shape normal and
pathologic immune responses to cancer therapy. One
group proposed that gut bacteria modulated the effects
of chemotherapy via a host of mechanisms they called
‘TIMER’—that is, Translocation, Immunomodula-
tion, Metabolism, Enzymatic degradation, and Reduced
diversity [20]. A recent study [33] showed Higher alpha-
diversity in the tumor microbiome of long-term survival
patients and identified an intra-tumoral microbiome sig-
nature (Pseudoxanthomonas-Streptomyces-Saccharopol-
yspora-Bacillus clausii) highly predictive of long-term
survivorship in both discovery and validation cohorts.
Through human-into-mice fecal microbiota transplanta-
tion (FMT) experiments from short-term survival, long-
term survival, or control donors, the tumor microbiome
was differentially modulated, and tumor growth as well
as tumor immune infiltration were affected. Logically,
then, one could hypothesize that the gut microbiome also
influences the immunostimulatory effects of radiother-
apy (Fig. 1).

Indeed, one group, seeking to explore whether the gut
microbiota could modulate antitumor immune response
after radiation to non-gut organs, used mouse models
of B16-OVA melanoma and TC-1 lung/cervical cancer
and found that the antibiotic vancomycin (which acts
on gut bacteria) potentiated the radiation-induced anti-
tumor immune response and inhibited tumor growth.
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Fig. 1 The potential mechanisms of the gut microbiome regulating the response to radiotherapy. Notes: Radiotherapy may reshape tumor
microenvironment by microbiome, which involve the unbalance of anti-inflammatory and pro-inflammatory cell and their corresponding
cytokines. Oral probiotics, prebiotics, drug interventions and FMT may maintain balance in the gut microbiome and then reshape the tumor
microenvironment. Other gut microbiome related mechanisms on regulating the response to radiotherapy include circadian rhythms, FIAF
production, autophagy regulation, inflammation, production of SCFAs and butyrate and cancer-associated fibroblasts etc. AT radiotherapy, DC
dendritic cells, IL interleukin, NK natural killer cells, TGF tumor growth factor, MDSC myeloid-derived suppressor cells, TNF tumor necrosis factor, IFN
interferon, FMT fecal microbial transplant, FIAF fasting-induced adipose factor, SCFA short-chain fatty acids

This synergy depended on cross-presentation of tumor-
specific antigens to cytolytic CD8+T cells and on
interferon-y [34]. This group concluded that depletion
of vancomycin-sensitive bacteria enhanced the antitu-
mor activity of radiotherapy. Cui et al. [35] described a
correlation between intestinal bacterial composition and
radiosensitivity in an antibiotic-treated mouse model.
The enteric bacterial composition of treated mice was
significantly different from that of control mice, and the
survival rate of the antibiotic-treated mice was signifi-
cantly higher after irradiation.

Potential mechanisms underlying gut microbiome
disruptions, immune functions, and radiosensitivity
Evidence from both mouse models [36] and clinical
studies [37] suggests an interaction between circadian
rhythms, composition of the gut microbiome, and radia-
tion sensitivity. Indeed, one literature review concluded
that the time at which radiation was given can affect both
local control and toxicity in patients with lung cancer
[37].

Another hypothesis involves the link between radiore-
sistance and autophagy regulation [38]. Digomann et al.
[39] found that the expression level of some proteins
involved in autophagy correlated with the clinical prog-
nosis of patients with head and neck squamous cell car-
cinoma after chemoradiation [40]. The gut microbiome
is also involved in autophagy regulation, and Fusobacte-
rium nucleatum has been shown to have a role in chem-
oresistance to colorectal cancer by activating autophagy
[41]. However, no studies have been published to date on
the potential effects of gut microbiome composition on
radiosensitivity via modulation of autophagy.

Inflammation may also have a role in the sensitivity or
resistance of tumors to radiation. A component of the
tumor microenvironment, cancer-associated fibroblasts,
are involved not only in tumor initiation, progression,
metastasis, and angiogenesis but also in immune modu-
lation, including inflammation [42]; radiation increases
the expression of TGF-B1, which activates cancer-asso-
ciated fibroblasts. Other key regulators of the inflamma-
tory process include CD8" cytotoxic T cells and CD4" T
helper cells. Taken together, the complex inflammatory
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reactions launched by the immune system to an irradi-
ated tumor and the surrounding stroma are neither
wholly immuno-stimulatory nor immuno-suppressive.
Other insights about the microbial regulation of intes-
tinal radiosensitivity come from studies of germ-free
mice treated with whole-body gamma irradiation. One
such study implicated fasting-induced adipose factor
(FIAF), also known as angiopoietin-like 4 (ANGPTL4),
a microbiota-regulated, epithelial-derived, secreted pro-
tein, in radioresistance, and suggested that FIAF may
be useful as a gut radioprotector [43]. In another study,
Enterococcus faecalis, Clostridium perfringens, Bacte-
roides thetaiotaomicron, and Escherichia coli were found
to regulate FIAF production in colorectal cancer cell lines
[44]. Transcription of ANGPTL4is regulated by peroxi-
some proliferator-activated receptors in response to bac-
teria that produce short-chain fatty acids [44, 45]. Indeed,
probiotic bacteria shown to induce ANGPTL4 expression
include Streptococcus, Lactobacillus, and Bifidobacterium
spp, which led the authors to suggest that administering
these probiotics may affect FIAF production and thus
perhaps influence the course of colorectal cancer.

Interplay between the gut microbiome

and radiotherapy toxicity

Gastrointestinal mucositis is a particularly debilitating
side effect of radiotherapy that can lead to significant
declines in quality of life as well as treatment delays or
dose reductions, which in turn can compromise treat-
ment outcomes [32]. Radiotherapy-induced diarrhea
is quite common, affecting more than 80% of cancer
patients receiving pelvic radiotherapy [46]. However,
some patients develop severe diarrhea after radiother-
apy and some do not [15], suggesting that personalized
treatment planning and identification of biomarkers with
which to predict which patients are likely to respond to
treatment or are at risk of developing severe toxicities
would help to improve treatment outcomes.

The pathobiology of gastrointestinal mucositis has
been described elsewhere [47, 48], but generally involves
five stages [47]. Previous studies [49] have found that gut
microbiota contributes to the pathogenesis of radiother-
apy-induced gastrointestinal mucositis. Briefly, radia-
tion initiates tissue injury followed by the upregulation
and amplification of inflammation, which involves the
production of proinflammatory cytokines. This leads to
ulceration and enhanced inflammation due to interac-
tions with microbial products crossing the breached epi-
thelium. The final stage, healing, involves extracellular
matrix signaling, proliferation of epithelial cells, and res-
toration of mucosal integrity.

Table 2 summarized studies investigated interactions
between the gut microbiome and radiotherapy toxicity.
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Changes in the microbiome are important causative fac-
tors in the adverse effects of radiation enteropathy [18,
50]. Numerous studies have shown that radiotherapy
causes major changes in the gut microbial composition
[16-18, 51]. Several clinical studies of the microbiome
before and after radiotherapy for gynecologic or lower
gastrointestinal tract cancer all concluded that radiation
induced significant changes in the microbiome profile
[15-18, 52] including reducing the variation in the gas-
trointestinal and colonic microbiome. This reduced vari-
ation was notable among patients with gastrointestinal
or gynecologic cancer who had diarrhea after irradiation
compared with those who did not [16, 17]. Patients with
radiation-induced diarrhea show greater changes in the
gut microbiome community than patients who do not,
and hence, the gut microbiome seems to be essential for
protection against radiation-induced diarrhea [17, 53].
Patients who experience diarrhea were shown to have
increased Bacteroides, Dialister, Veillonella, and unclas-
sified bacterial species and reduced Clostridium X1 and
XVIII, Faecalibacterium, Oscillibacter, Parabacteroides,
and Prevotella [15, 17]. Some evidence also suggests that
patients undergoing radiotherapy have a high incidence
of Clostridium difficile infection, which is associated
with high mortality rates [54]. Research has revealed that
gut microbiota composition can be used as a predictive
marker for the development of radiotherapy-induced
diarrhea and fatigue [49].

The influence of the gut microbiome on the pathogene-
sis of radiation-induced gastrointestinal mucositis [32] is
mediated through modulation of the oxidative stress and
inflammatory processes, intestinal permeability, mucus
layer composition, epithelial repair and ability to resist
harmful stimuli, and expression and release of immune
effector molecules in the intestine [55]. The gut micro-
biome can influence radiation-induced gastrointestinal
mucositis through two mechanisms (Fig. 2): translocation
and dysbiosis. Radiation disrupts the intestinal barriers
and the mucus layer and causes bacterial translocation,
resulting in activation of an inflammatory response. Dys-
biosis, whether caused by radiation or other factors, can
influence both local and systemic immune responses.

The gut microbiome interacts with toll-like recep-
tors (TLR) expressed on epithelial and immune cells to
maintain intestinal homeostasis. Depletion of the gut
microbiome in mice by using broad-spectrum antibiot-
ics has been associated with increased susceptibility to
methotrexate-induced gastrointestinal injury, which is
suppressed by the administration of TLR2 ligands [14].
Conversely, knockout of TLR4 in mice has been shown
to reduce irinotecan-associated pain and gut toxicity
[56]. Also, the administration of lipopolysaccharide,
a membrane component of Gram-negative bacteria,
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Fig. 2 The potential mechanisms of the gut microbiome in radiation-induced intestinal mucositis. Notes: The gut microbiome can influence
radiation-induced gastrointestinal mucositis mainly through two mechanisms: translocation and dysbiosis. Radiation disrupts the intestinal

barriers and the mucus layer and causes bacterial translocation, resulting in activation of an inflammatory response. Dysbiosis, whether caused by
radiation or other factors, can influence both local and systemic immune responses. Another potential mechanism by which TLR has protective
effects against radiation is activation of NF-kB signaling, which is essential for the protection of the gut against radiation-induced apoptosis. RT
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before radiation is known to protect intestinal crypts
via induction of cyclooxygenase-2 and the production
of prostaglandins [57]. Stimulation of TLR4-expressing
cells by lipopolysaccharide also leads to the release of
tumor necrosis factor (TNF) -a, which interacts with
the TNF receptor on the surface of subepithelial fibro-
blasts, leading to the production of prostaglandins and
reduction in radiation-induced apoptosis of epithelial
stem cells [58]. Another potential mechanism by which
TLR has protective effects against radiation is activa-
tion of nuclear factor-kappa B (NF-«B) signaling [55],
which is essential for the protection of the gut against
radiation-induced apoptosis. NF-kB activation also
mediates the radioprotective effects of lipopolysaccha-
ride [59], suggesting that TLRs may influence the intes-
tinal response to radiation-induced epithelial damage
through the NF-kB pathway.

Potential therapies for gastrointestinal mucositis

Studies have begun to explore whether modifying the gut
microbiome can maximize the response to treatment and
minimize adverse effects [60]. Agents for modification
studied to date include probiotics, prebiotics, or FMT, as
described below.

Oral probiotics

Probiotics are defined as live microorganisms that
have a beneficial role in cancer prevention and treat-
ment by reducing the translocation of harmful bacte-
ria, promoting intestinal immune barrier function and
antipathogenic activity [61, 62]. Currently, Lactobacillus,
Bifidobacteria, Saccharomyces boulardii, and Bacillus
coagulans are the most common microbiome compo-
nents used as probiotics [61, 62]. Synbiotics, representing
a ‘bridge’ between prebiotics and probiotics, have been
used to improve survival of probiotic bacteria during
their passage through the upper intestinal tract [61].
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A recent preclinical study of colorectal cancer cells
[63] revealed that the combined application of Propion-
ibacterium freudenreichii and TNF-related apoptosis-
inducing ligand (TRAIL) increased proapoptotic gene
expression and decreased antiapoptotic gene expres-
sion in those cells, suggesting that P. freudenreichii may
be useful as an adjuvant for TRAIL-based colorectal
cancer therapy. Probiotics have been shown to decrease
the incidence and development of carcinogen-induced
colorectal cancer in experimental models [64—66]. In
a murine model of colorectal carcinoma, feeding the
mice with engineered microbes and a diet of crucif-
erous vegetables led to significant tumor regression
and reduced tumor occurrence [67]. Among patients
undergoing surgery for colorectal cancer, oral probiot-
ics have been shown to reduce tumor recurrence rates
and to protect the physical and biological barrier func-
tions of the intestinal mucosa [68, 69]. Lactobacillus
casei has also been found to prevent atypia in colo-
rectal tumors [70]. However, clinical reports indicated
that use of probiotics or synbiotics had no measurable
effect on gut barrier function, inflammatory response,
or complications after surgery for colorectal cancer
[71, 72]. Moreover, although synbiotic supplementa-
tion with Bifidobacterium lactis and resistant starch
produced unique changes in the fecal microflora in
another study of patients with colorectal cancer, it did
not significantly alter any other fecal, serum, or epithe-
lial biomarkers [73]. The authors of this study under-
scored the need to consider the patient’s family history
and lifestyle, including diet, smoking, and other factors,
before treatment with probiotics or synbiotics, and that
further, in-depth research should be undertaken to gain
a better understanding of the clinical value of these
agents in colorectal cancer [74].

Indeed, studies of the effect of probiotics on radia-
tion-induced gastrointestinal symptoms are difficult
to evaluate, as they vary in the type of cancer patients
recruited, the radiotherapy modalities used, the pres-
ence or absence of concomitant chemotherapy, end-
point assessment, and the types of bacteria used as
probiotics. A meta-analysis of six randomized con-
trolled trials investigating probiotics and post-radio-
therapy diarrhea suggested that oral probiotics could
have beneficial effects in terms of reducing the inci-
dence of diarrhea [75]. Although this is encouraging
evidence, these clinical studies did not provide mech-
anistic details or objective evidence of the beneficial
effect of probiotics on radiation-induced bowel injury.
Moreover, further research is warranted with regard
to how best to improve the formulation, administra-
tion, and absorption of probiotics or prebiotics-based
therapies.
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Prebiotics

In 2016, the International Scientific Association for Pro-
biotics and Prebiotics updated the definition of a prebi-
otic as “a substrate that is selectively utilized by host
microorganisms conferring a health benefit” This defini-
tion expanded the concept of prebiotics to include non-
carbohydrate substances and applications to body sites
other than the gastrointestinal tract [76], thereby broad-
ening the scope of prebiotics in research studies and
clinical applications. As to their mechanism of action,
both prebiotics and probiotics are thought to improve
the integrity of the intestinal epithelial layer, and they
may also increase resistance to pathogenic colonization.
Probiotics, being new bacteria, are believed to enter the
human intestinal tract and improve intestinal microecol-
ogy, whereas prebiotics are intended to have a direct, reg-
ulated role in the gut microbiome.

Evidence from cell culture and animal models suggests
that the consumption of prebiotics can inhibit colorectal
carcinogenesis [77-79]. In healthy subjects, intervention
trials indicated that consumption of palm, blackcurrant
products, butylated starch, and wheat bran extract may
have had a protective role in reducing the risk of develop-
ing colorectal cancer [80—83]. Another study showed that
a diet rich in whole grains and dietary fiber was associ-
ated with a lower risk of E nucleatum-positive colorectal
cancer, but not E nucleatum-negative colorectal cancer,
suggesting that any association of diet with colorectal
cancer risk significantly differed according to tissue F
nucleatum status [84]. In contrast, findings from a phase
II chemoprevention trial did not provide convincing evi-
dence that a 6-month intervention with prebiotic dietary
fiber reduced the risk of developing colorectal cancer
[85].

Notably, not all clinical studies of prebiotic or synbiotic
therapies for colorectal cancer have shown conclusive
results. Potential reasons for this include (a) differences
in the pathogenesis of inflammation, genetic mutations,
and epigenetic modifications in patients with colorec-
tal cancer may result in prebiotics or synbiotics having
multiple functions; (b) some specific species in the gut
microbiome (pathogenic or not) could reduce or sup-
press the regulatory functions of prebiotics or synbiot-
ics, or even “hijack” these agents to facilitate colorectal
cancer progression under certain conditions; and (c)
although prebiotics and synbiotics have important roles
in modulating immune development and function and in
maintaining balance in the gut microbiome, some cases
of severe gut microbiome dysbiosis may not be control-
lable with prebiotics. Addressing these and other poten-
tial explanations may allow the use of oral prebiotics or
synbiotics to prevent or control colorectal cancer in the
future.
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Drug interventions

Antibiotics are well known to affect the composition of
the gut microbiome, but how these effects interact with
the development and progression of colorectal cancer is
less clear. In one study of heme-induced carcinogenesis
in rats, antibiotics were found to suppress the microbi-
ome by reducing crypt height and proliferation, thereby
implicating the microbiome in heme-induced promotion
of colorectal cancer [86]. Antibiotics such as anisomycin,
prodigiosin, and salinomycin seem to inhibit the growth
of colorectal carcinoma cells by targeting different
molecular mechanisms [87-89]. Another study showed
that treating mice bearing colon cancer xenografts with
the antibiotic metronidazole reduced the Fusobacte-
rium load, cancer cell proliferation, and overall tumor
growth, which collectively suggested that antimicrobial
interventions may be useful for patients with Fusobacte-
rium-associated colorectal cancer [90]. Whether the anti-
colorectal cancer properties of these drugs, present in
natural microorganisms, are related to the function and
balance of the gut microbiome is unclear, but they sug-
gest an avenue for exploring and developing novel antibi-
otics or antibiotic peptides that are based on the human
gut microbiome itself.

Other agents, including celecoxib, berberine, isoliquir-
itigenin, and curcumin, have also been found to decrease
the incidence of colorectal tumorigenesis by modulating
the gut microbiome [91-94]. Recent studies of the “fin-
gerprint” of the human gastrointestinal tract microbiome
involving the study of many complex bacterial ecosys-
tems could push the development of narrow-spectrum
antibiotics for use in treating colorectal cancer, as well as
facilitating systems pharmacology and personalized ther-
apeutics [95, 96].

FMT

Another potential means of manipulating the gut micro-
biota has been the use of FMT, in which a fecal sus-
pension is transferred from healthy donors into the
gastrointestinal tract of other individuals, with goal of
curing specific conditions or diseases by reconstruct-
ing the normal function and immune system of the gut
microbiome. FMT transplants can consist of fresh stools
or frozen fecal capsules, or extracts of bacterial flora from
normal fecal flora. Although direct evidence is lacking at
present to support the use of FMT for treating colorec-
tal cancer, fecal microbiomes isolated from patients with
colorectal cancer have been shown to promote intestinal
carcinogenesis in germ-free mice and in mice given a
carcinogen [97, 98]. This indirect evidence suggests that
FMT may be effective for preventing and treating colo-
rectal cancer by its ability to improve the balance and
function of the human gut microbiome. A clinical study
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[99] demonstrated that FMT might be safe and effec-
tive to improve intestinal symptoms and mucosal injury
in patients with chronic radiation enteritis. Addition-
ally, FMT is also shown to be an efficacious remedy to
mitigate acute radiation syndrome. Recent study [100]
confirmed that indole 3-propionic acid is a key intesti-
nal microbiota metabolite corroborating the therapeutic
effects of FMT to radiation toxicity.

Notably, the effects of FMT on the recipient immune
system are complex and unpredictable, and the risk that
FMT may lead to dissemination of unknown pathogens
cannot be eliminated [101]. Numerous questions remain
regarding the role of FMT, including the need to identify
what makes a “good” donor, the optimal routes of admin-
istration, preparation of transplant materials, regulatory
frameworks, and long-term effects [102, 103]. If we can
identify favorable fecal microbiome composition, or safe
and functionally well-defined bacterial strains, and use
prebiotics as the “packaging material” for delivery, FMT
may be an effective, low-burden supplement or alterna-
tive to chemoradiation in the near future.

Other novel approaches could include bioengineering
the gut microbiome [104—106], the synthesis and deliv-
ery of genetically engineered probiotics [107, 108] or
bacteriocins [105, 108, 109] or bacteriophages [110, 111]
to modify the gut microbiome. Promisingly, the delivery
of encoded nanobody antagonist of CD47 by tumor-col-
onizing bacteria increases activation of tumor infiltrat-
ing T cells, stimulates rapid tumor regression, prevents
metastasis, and leads to long-term survival in a syngeneic
tumor model. An abscopal effect was also induced by an
engineered bacterial immunotherapy [106]. Additional
research imperative to evaluate the potential of these
engineered products for clinical application in the con-
text of colorectal cancer.

Approaches to studying the gut microbiome

The majority of published studies used 16S rRNA
sequencing to investigate and compare the taxonomic
distribution and diversity of gut microbiome between
individuals. However, 16S rRNA only identify bacteria
level other than strain level. The functional gut microbi-
ome can be studied using methods involving metagen-
omics, metatranscriptomics, metaproteomics, as well
as metabolomics. The above methods may provide sig-
nificant functional information for network analyses, and
identification of proteins and metabolites produced by
gut microbiome.

Sequencing the collection of genomes present in an
ecosystem is known as metagenomics. Shotgun metagen-
omics provides an enormous amount of valuable func-
tional information down to the strain level and for all
types of microorganisms, therefore is now widely applied
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[112, 113]. However, it is quite clear that the presence of
a specific gene does not inform us about its gene expres-
sion patterns. Metatranscriptomics and metaproteomics
can measure transcripts and proteins directly, and are
becoming important approaches additional to metagen-
omics. Their combination enables identification of up
and down-regulated genes under specific conditions.
Nucleic acid sequencing is also applied in metatran-
scriptomics as metagenomics. Metaproteomics meas-
ures expressed proteins using high-resolution mass
spectrometry [114]. Considering not all transcripts are
ultimately translated into proteins, metaproteomics pro-
vides superior insight into gut microbial functionality
as compared with metatranscriptomics. What’s more,
metabolomics directly measures the metabolites pro-
duced by gut microbiome using analytical techniques
including nuclear magnetic resonance spectroscopy or
mass spectrometry. Profiling metabolomes of microbial
metabolites during radiation therapy can provide valu-
able information on bi-directional radiation-microbi-
ome interactions that may contribute to the identify the
underlying mechanism of the communication between
microbiome and host during radiation therapy.

Considering each ‘-omic’ technology provides its own
unique perspective of the microbiome and its communi-
cation with the host, multiple ‘-omic’” approaches can be
applied simultaneously to the same sample to obtain inte-
grated results [115].

Challenges and remaining unknowns for future
research
The inter-individual variations seen in the response to
radiation and in the severity of radiation-related toxic
effects remain major challenges in the use of radiother-
apy for cancer treatment. Considerable research effort
has been devoted to identifying factors that could explain
this variation, with particular interest expressed recently
in how the gut microbiome influences radiation response
and toxic effects. However, many unknowns still remain
in attempts to clarify the complex, bidirectional relation-
ship between the gut microbiome and radiation effects.
First, the role of the gut microbiome in radiosensitivity
is a new concept that has generated a lot of interest, but
few original studies have yielded convincing results. The
mechanisms underlying how the gut microbiome influ-
ences radiosensitivity are still obscure, and much more
research is needed to clarify the links between the gut
microbiome and variations in radiotherapy response.
Second, radiotherapy is increasingly being combined
molecular targeted therapy or immunotherapy in the
treatment of solid tumors. The mechanisms underly-
ing the synergistic effects of such combinations are
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a “hot topic” in research, and further information on
how the gut microbiome participates in these effects is
urgently needed to enhance radiation-based combined
treatments for cancer. Because patients participating
in clinical trials are already closely monitored, it will
be important to include comprehensive microbiome
assessments in this monitoring to fully understand the
baseline microbiome in cancer patients and to study the
effects of various therapies on specific bacterial families
and their contribution to therapeutic outcomes.

Third, aspects of the microbiome could be used to
predict cancer risk, recurrence, response to therapies,
and survival—in other words, aspects of the gut micro-
biome could be useful as predictive and prognostic bio-
markers. Future research to investigate the influence
of the gut microbiome on the incidence and severity
of radiotherapy-induced mucositis is warranted, with a
view toward modulating the microbiome composition
to improve cancer therapy outcomes.

Fourth, findings from most analyses of the gut micro-
biome undertaken to date have relied on next-genera-
tion sequencing. However, the presence of a gene or its
transcript does not necessarily indicate protein expres-
sion; therefore, direct measurements of expressed pro-
teins via meta-proteomics will be useful for providing
precise functional information on the microbiome.
Indeed, thorough examinations of the gut microbiome
should include metaproteomic analysis, which can
reveal both human and microbial functional changes
indicative of the host-microbiome interactions. More
recently, “microscomics” approach was conducted in
human stool samples by transmission electron micros-
copy, which may further decline the inconsistencies
observed with metagenomics and culturomics [116].
This is an exciting avenue for novel therapies.

Finally, previous studies showed that microbial
metabolites produced locally can enter the bloodstream
and act systemically (Fig. 3) [117, 118]. Crosstalk
between gut microbiome, microbial metabolites and
immune microenvironment may modulate radiosensi-
tivity, which converting immunologically “cold” tumors
to “hot’, and even “hot” tumors to “hotter”, ultimately
affecting treatment efficacy. Immune microenviron-
ment is also closely related to radiation injury. Radia-
tion-induced toxicity may be predicted by potential
metabolic biomarkers, and be reduced by oral nutri-
tional approaches including changes in diet, probiotics,
prebiotics, etc. Harnessing the interactions between
gut microbiome, microbial metabolites and immune
microenvironment is the current and future research
directions of our research group, with more research
outcome is to be expected.
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Fig. 3 Crosstalks between gut microbiome, microbial metabolites and immune microenvironment may explain the underlying mechanism of
gutimmune alliance. Notes: Microbial metabolites induced by radiotherapy could enter the bloodstream transported to the liver, brain and other
organs of the body. Immune microenvironment is thus changed and may modulate radio-sensitivity and radiation injury. GLP-T glucagon-like
peptide-1, PYY peptide tyrosine tyrosine, LPS lipopolysaccharide, IPA indolepropionic acid, APC antigen-presenting cell, TLR toll-like receptor
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