
The human microbiota is the ensemble of bacteria and 
other microorganisms (archaea, fungi, protozoa, as well 
as human, fungal, bacterial and protozoan viruses) that 
inhabit the epithelial barrier surfaces of our body1. The 
microbiota affects physiological functions, particularly 
metabolism, neurological and cognitive functions, hae
matopoiesis, inflammation and immunity2,3. Germ-free 
animals are functionally immature in many physiologi
cal systems, including innate immunity, and they are 
highly susceptible to infection by pathogens4. However, 
the germfree condition in itself is not lethal. Germfree 
rodents maintained in a sheltered sterile environment 
and fed with a controlled diet containing factors, such 
as vitamins that are normally supplied by the intesti
nal microbiota, can survive significantly longer than 
conventionally raised animals4–6. The local microbiota 
affects the functions and regulates the immunity of the 
epithelial barrier on which it resides7–10. In addition, 
the microbiota also exerts systemic effects10,11 (FIG. 1) 
through mechanisms that are less well understood than 
those mediating the local effects.

The gut microbiota comprises approximately 3 × 1013 
bacterial cells that mostly exhibit commensalism with the 
host12. However, when the intestinal ecology is altered, 
commensal bacteria that are referred to as pathobionts 
(for example, Clostridium difficile or vancomycin 
resistant Enterococcus) may expand and acquire 
pathogenic characteristics13. The gut microbiota also 
exhibits mutualism with the host that modulates immu
nity, promotes bone marrow haematopoiesis and also 
regulates maturation and function of tissueresident 

haematopoietic cells of yolk sac origin such as the 
microglia in the central nervous system14–16. The gut 
microbiota interacting with epithelial and stromal intes
tinal cells regulates barrier functions, mucosal immune 
homeostasis7–9, host–microbiota symbiosis, prevention 
of infestation by pathogens, control of overgrowth by 
pathobionts, metabolism of indigestible dietary fibre, 
synthesis of vitamins and regulation of metabolism, 
including the prevention of obesity7–9,17–19. An intact 
and functional gut epithelium maintains a healthy 
body, and gut epithelial homeostasis is maintained 
by continuous crosstalk between the gut microbiota, 
immune cells and the mucosal barrier20.

The composition of the microbiota is shaped by host 
genetics, colonization at the time of birth, type of birth 
delivery, an individual’s lifestyle, incidence of diseases 
and exposure to antibiotics21–23. Microbiota composition 
evolves during the first few years of human life before 
maturation into an adultlike microbiota22. After that, 
the composition of the microbiota in the gut and other 
epithelial barriers remains relatively constant through
out adult life, although it could still be affected by diet, 
changes in lifestyle, disease and disease treatment24,25. 
The microbiota present at the epithelial barrier and 
particularly in the gut influences local and systemic 
metabolic functions, inflammation and adaptive immu
nity, which modulate cancer initiation, progression  
and response to anticancer treatment. Host genetics and 
environmental factors, including nutrition, modify the 
composition of the microbiota both in humans and 
in the mouse26–29. In the mouse, the procarcinogenic 
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Germ-free animals
Animals raised in strict sterile 
conditions that have no 
microorganisms living in or 
on them.

Commensalism
A symbiotic relationship 
between two species in which 
one species benefits without 
causing harm to the other.

Pathobionts
Resident commensal 
microorganisms that under 
certain conditions may 
acquire pathogenic potential.

Mutualism
A symbiotic relationship 
between two species that is 
beneficial for both species.
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Abstract | The microbiota is composed of commensal bacteria and other microorganisms that live 
on the epithelial barriers of the host. The commensal microbiota is important for the health and 
survival of the organism. Microbiota influences physiological functions from the maintenance of 
barrier homeostasis locally to the regulation of metabolism, haematopoiesis, inflammation, 
immunity and other functions systemically. The microbiota is also involved in the initiation, 
progression and dissemination of cancer both at epithelial barriers and in sterile tissues. Recently, 
it has become evident that microbiota, and particularly the gut microbiota, modulates the 
response to cancer therapy and susceptibility to toxic side effects. In this Review, we discuss  
the evidence for the ability of the microbiota to modulate chemotherapy, radiotherapy and 
immunotherapy with a focus on the microbial species involved, their mechanism of action and the 
possibility of targeting the microbiota to improve anticancer efficacy while preventing toxicity.
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• Translocation of bacteria or 
bacterial products and toxins

• Metabolites (e.g. small and 
medium chain fatty acids, 
choline derivatives, secondary 
bile acids, vitamins, hormones 
and nutrients)

• Innate and adaptive immune 
cell migration

• Cytokines
• Endocrine (cortisol) and neural 

(vagus and enteric nervous 
system) pathways 

Local effects of 
gastrointestinal microbiota

Systemic effects of 
gastrointestinal microbiota

• Nutrient absorption
• Synthesis of vitamins
• Metabolism of bile and 

hormones
• Fermentation of carbohydrates
• Morphogenesis
• Barrier strengthening
• Mucosal immunity

• Metabolism
• Neurological, behavioural and cognitive 

functions
• Cardiovascular and musculoskeletal functions
• Haematopoiesis and myeloid cell functions
• Circadian rhythm
• Ageing
• Inflammation and immunity
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• Inflammatory bowel disease
• Gastritis and gastric ulcers

• Obesity, insulin resistance and type II diabetes
• Cardiovascular diseases
• Autoimmunity: CNS, eye and joints
• Non-alcoholic steatohepatitis
• Gout

• Stomach cancer (Helicobacter 
pylori)

• Colorectal carcinoma (Escherichia 
coli, Fusobacterium spp. 
and enterotoxigenic Bacteroides 
 fragilis)

• Gallbladder carcinoma 
(Salmonella enterica Typhi)

• MALT, ocular and skin lymphoma
• Thymic lymphoma
• Hepatocellular carcinoma
• Mammary carcinoma
• Pancreatic cancer
• Prostate cancer
• Sarcoma
• Ovarian cancer

C
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er

ap
y • Cancer therapy gastrointestinal

toxicity
• Cancer chemotherapy, immunotherapy 

and radiotherapy efficacy
• Cancer therapy toxicity
• Graft-versus-host disease

Xenobiotics
Foreign chemical substances, 
including drugs, that are not 
naturally produced by the 
organism.

phenotype expressed by some genetically mutated mice 
has been shown to be transferred to wildtype mice 
by microbiota transfer30–32, and the transfer of the faecal 
microbiota of patients who are responsive to cancer ther
apy into germfree mice has been shown to endow those 
animals with an ability to respond efficiently to the ther
apy33. Thus, it can be speculated that host genetics and 

lifestyle in part may indirectly affect carcinogenesis and 
response to cancer therapy through modification of 
microbiota composition.

Owing to its ability to modulate host metabolism, 
inflammation and immunity, the microbiota is involved 
in the initiation and/or progression of various types of 
cancer both at the epithelial barriers and in sterile tis
sues3 (BOX 1). Although much progress has been made in 
cancer therapy — and in particular recent advances 
in immunotherapy are very promising — a significant 
proportion of cancer patients still do not respond to 
therapy. In this Review we discuss the body of data in 
experimental models and increasingly in clinical stud
ies that suggests that the composition of the microbiota 
regulates the efficacy of anticancer therapy and that tar
geting the microbiota may improve drug efficacy and/or 
reduce adverse effects.

Chemotherapy and microbiota
After the discovery of the cytotoxic effects of nitro
gen mustards during the Second World War, cytotoxic 
chemotherapeutic agents were developed that still today 
remain a major staple of cancer therapy34. Cytotoxic 
drugs are classified according to their mechanisms of 
action, as alkylating agents, heavy metals including plati
num, antimetabolites, cytotoxic antibiotics and spindle 
poisons. Most forms of chemotherapy display antitu
mour activity by targeting DNA integrity and cell divi
sion in the dividing cancer cells. Cytotoxicity may also 
be induced by the effect of drugs on other cellular com
partments such as mitochondria and cell membranes35. 
Chemotherapy is not specific and its use is always asso
ciated with significant toxicity for tissues that have a high 
rate of cell replacement and division36.

Drug metabolism. The gut microbiota affects drug 
pharmacokinetics, anticancer activity and toxicity at 
various levels3,37. A schematic representation of the role 
of the microbiota on the metabolism of drugs following 
enteral (for example, oral) or parenteral (for example, 
intravenous) administration is presented in FIG. 2. The 
rate of absorption and bioavailability of many oral drugs 
depends on their exposure in the gut to both host and 
bacterial enzymes before entering the circulation38,39. 
Xenobiotics induce changes in the composition and 
shape the physiology and gene expression of the gut 
microbiota40,41, further modulating its effect on drug 
metabolism. Biotransformation of drugs mediated by the 
gut microbiota includes many chemical reactions, with 
reduction and hydrolysis affecting the largest number 
of drugs42. Other reactions include functional group 
removal, Noxide cleavage, proteolysis, denitration, 
deconjugation, amine formation and/or hydrolysis, 
thiazole ring opening, acetylation and isoxazole scis
sion43. Commensal microorganisms also decrease the 
absorption of certain drugs by physical binding and 
segregation44. More than 40 drugs have been shown 
to be metabolized by the gut microbiota43. However, 
among anticancer drugs, only the nitroreduction of the 
radiation sensitizer misonidazole, the hydrolysis of  
the antimetabolite methotrexate and the deconjugation 

Figure 1 | Local and systemic effects of the gastrointestinal microbiota. The 
abundant microbiota present on the gastrointestinal mucosa affects local mucosal 
homeostasis, functions and immunity7–9. Many of the mechanisms by which various 
bacterial species and their products and metabolites affect mucosal physiology and 
pathology have been described7–10. However, the presence and composition of the gut 
microbiota also systemically affects the functions of most physiological systems, the 
pathology and the response to therapy in distant organs10. Some of the demonstrated 
or proposed mechanisms by which the gastrointestinal microbiota can achieve this 
are listed in the box at the top of the figure205. The microbiota and specific microbial 
species also affect neoplastic pathology both at the local level in the gastrointestinal 
tract145,188,206,207 and systemically in organs that are not normally associated with the gut 
microbiota192–194,208–212. Although these mechanisms have been studied primarily for the 
most abundant intestinal microbiota organisms, microorganisms colonizing other 
epithelial barriers, for example, the mouth and the skin, are also expected to mediate 
both local and systemic effects195,196. In addition to its association with cancer 
development, the microbiota also has both a local and a systemic role in modulating 
the efficacy and toxicity of cancer therapy3. CNS, central nervous system; MALT, 
mucosa-associated lymphoid tissue.
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Biotransformation
The chemical alteration of a 
xenobiotic, such as a drug, 
within the body.

Probiotic
Live microorganisms that are 
consumed by humans and 
animals as food supplements 
for their potential 
health-promoting qualities.

of the liverdetoxified form of the topoisomerase I 
inhibitor irinotecan (also known as CPT11) (discussed 
in more detail below) have clearly been shown to be 
affected by the gut microbiota43.

In addition to the direct effect of microorgan
isms and microbial enzymes on drug absorption and 
metabo lism39–41, the gut microbiota indirectly affects 
the metabolism of both orally and systemically delivered 
drugs through modulation of gene expression and the 
physiology of the local mucosal barrier and of distant 
organs such as the liver45–47. In the livers of germfree 
mice compared with specific pathogenfree mice, some 
members of the large cytochrome P450 (Cyp450) gene 
family are increased (for example, the Cyp2a, Cyp2b and 
Cyp3a families involved in xenobiotic steroid metabo
lism) whereas others are decreased (for example, the 
Cyp4a family involved in fatty acid or arachidonic acid 
metabolism)45–49. Germfree mice also consistently 

overexpress the genes encoding xenobioticsensing 
receptors and transcription factors such as constitutive 
androstane receptor (Car; also known as Nr1i3), CAR
regulated gene P450 oxidoreductase (Por), aryl hydro
carbon receptor (Ahr), peroxisome proliferatoractivated 
receptorα (Ppara) and nuclear factor erythroid 2related 
factor 2 (Nrf2; also known as Nfe2l2)45–49. This altered 
gene expression results in the faster metabolism of many 
xenobiotics in germfree mice, supporting the role of the 
microbiota in regulating drug metabolism and detoxi
fication45. Interestingly, although colonization of germ
free mice with microbiota taken from conventionally 
raised mice reestablishes normal gene expression, colo
nization of germfree mice with the probiotic preparation 
VSL#3 normalizes only a proportion of the genes altered 
in germfree mice48. Thus, the heterogeneity of response 
to drug therapy and susceptibility to toxic effects in can
cer patients may be due at least in part to differences 
in gut microbiota composition and activity between  
individual patients50.

In addition to oral drugs, injected drugs are also 
in part firstly metabolized in the liver, before biliary 
excretion into the gut, where they are exposed to the 
gut microbiota and can be further metabolized and 
reabsorbed (FIG. 2). Irinotecan is an intravenous chemo
therapeutic drug used for colorectal cancer treat
ment51. Irinotecan is transformed into its active form, 
SN38, by liver and small intestine tissue carboxyl
esterase and then detoxified in the liver by host UDP
glucuronosyltransferases into inactive SN38G before 
being secreted into the gut51. In the gut, SN38G can 
be reconverted by bacterial βglucuronidases into active 
SN38, which induces significant intestinal toxicity and 
diarrhoea52. In tumourbearing rats, irinotecan chemo
therapy increased the abundance of Clostridium cluster XI 
and Enterobacteriaceae in the proximal colon, indicat
ing induction of an altered microbiota composition that 
could directly affect inflammation or change the propor
tion of bacterial species expressing βglucuronidase53. 
In the human gut, βglucuronidase activity was found 
mostly in the Firmicutes phylum, particularly within 
Clostridium clusters XIVa and IV54,55. Antibiotic treat
ments that decrease the number of βglucuronidase 
positive bacterial species or the use of an inhibitor 
specific for bacterial βglucuronidase effectively treat 
intestinal inflammation induced by irinotecan therapy 
in experimental animals56,57. Use of probiotics in clini
cal trials has shown a modest decrease in irinotecan 
induced diarrhoea58. As the intestinal toxicity of irino
tecan in humans is severe and dose limiting, there is 
much interest in the development of selective bacterial 
βglucuronidase inhibitors to be used in clinical trials 
to reduce toxicity59.

Response to chemotherapy. Direct interaction with 
bacteria can affect the efficacy of chemotherapeutic 
drugs60. Among 30 drugs tested in vitro in the presence 
of nonpathogenic Gramnegative Escherichia coli or 
Grampositive Listeria welshimeri, the activity of 10 
of them was found to be inhibited by one or both spe
cies whereas the efficacy of 6 others was enhanced60. 

Box 1 | Microbiota effects on cancer initiation and progression

The health of the organism requires maintenance of epithelial barriers on which the 
microbiota resides. The barriers maintain a peaceful relationship with commensal 
microorganisms while protecting the host from pathogens and pathobionts. 
Dysbiosis, which is an alteration in the composition of the microbiota associated with 
pathology, disrupts the physiological interaction between epithelial cells and the 
microbiota, results in breach of the barriers, induces inflammatory pathologies and 
may contribute to cancer initiation and progression182–184.

The cytokine interleukin‑18 (IL‑18) mediates IL‑22‑dependent intestinal mucosal 
protection. Mice unable to produce, process or respond to IL‑18 (for example, mice 
genetically deficient in the genes encoding IL‑18, IL‑18 receptor (IL‑18R), myeloid 
differentiation primary response 88 (MYD88), inflammasomes or inflammasome 
signalling molecules) display a dysbiosis that results in enhanced susceptibility to 
chemically induced colitis and colon carcinogenesis32,170,185,186. This susceptibility can 
be transferred to wild‑type mice by cohousing or faecal transfer32,170. Deficiency for 
other immunologically relevant genes may also enhance the susceptibility to colon 
carcinogenesis owing to a dysbiosis that can be transferred to wild‑type mice187. Some 
of the mechanisms by which microbial species either in humans or in experimental 
animals induce colorectal carcinogenesis have been characterized187–189. For example, 
Fusobacterium nucleatum, associated with human colorectal cancer, expands 
tumour‑promoting myeloid cell populations188,189, activates host β‑catenin–WNT 
signalling by the binding of its FadA adhesin to E‑cadherin188,189 and modulates 
anticancer immune response by triggering the inhibitory receptor T cell 
immunoreceptor with immunoglobulin (Ig) and ITIM domains (TIGIT) on T and natural 
killer cells via the microbial Fap2 protein190. However, among the various bacteria 
described to be associated with human cancer, only Helicobacter pylori has been 
proved to be a human carcinogen causing gastric cancer, as its elimination from the 
host prevents disease187,191.

The gut microbiota also affects cancer at distant sites. Colonic infection with 
Helicobacter hepaticus not only enhances colon carcinogenesis but also favours 
the generation of mammary and prostate carcinoma in the ApcMin/+ mouse model 
of colorectal cancer192 and augments chemical and viral transgenic liver 
carcinogenesis184,193. In a mouse model of ataxia telangiectasia, the gut microbiota 
composition observed in different mouse colonies or upon experimental 
perturbation determines thymic lymphoma incidence and survival194. In humans, 
ahistory of periodontal disease and antibodies against oral bacteria have been 
found to be associated with increased risk of pancreatic cancer195. Specifically, the 
presence in the oral microbiota of Porphyromonas gingivalis and Aggregatibacter 
actinomycetemcomitans was observed to be significantly associated with increased 
risk of pancreatic cancer, and the presence of the phylum Fusobacterium was 
associated with decreased risk196. The effects of the microbiota on carcinogenesis in 
distant organs are mediated in part by the modulation of the systemic inflammatory 
tone, oxidative stress and inflammation‑induced genotoxicity towards leukocytes 
and epithelial cells192–194,197.
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a  Enteral drug metabolism b  Parenteral drug metabolism
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Small intestine
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Stomach

Enteral drug
administration

100% of the drug reaches the 
GI tract and is absorbed into
the liver via the portal circulation

~90% of the drug metabolites 
from the liver are excreted 
with bile into the intestinal 
tract where they are excreted 
in stools or reabsorbed
through the portal circulation

Approximately 10% of the drug 
enters the circulation via the 
hepatic veins, and reaches 
target tumours and other tissues

First pass metabolism 
in the liver

Altered gene 
expression 

(CYP450 enzymes) 

Activation

Detoxification

Phase II

Deconjugation

Phase I

Gut microbiota
• Biotransformation of xenobiotics 

affecting absorption and bioavailability
• Reactivation of liver-detoxified xenobiotics

Drug elimination by kidney 
excretion and via the biliary tract

Gut microbiota
 Reactivation of liver detoxified xenobiotics

Drug elimination by kidney 
excretion and via the biliary tract

Parenteral drug
administration

Shortly after administration
>90% of the drug is
available in the circulation
for the target tumour

Systemic toxicity

Each minute, 29% of
the circulating blood
and drugs reach the
liver via the splanchnic
circulation

E1
E5

P1

P2

P3

P4

E2

E4

E3

Highperformance liquid chromatography (HPLC) and 
mass spectrometry analysis showed that contact with 
the bacteria resulted in biotransformation of the drugs. 
The ability of bacteria to inhibit the antitumour effect of 
gemcitabine and to increase that of the prodrug CB1954 
was confirmed in vivo in mice by intratumour inocu
lation of E. coli 60. In vivo, doxorubicin maintains its 
efficacy against subcutaneous tumours in microbiota 
depleted mice; however, in one study, overgrowth 
of Parabacteroides distasonis in mice treated with 
broadspectrum antibiotics was observed to abrogate 
its antitumour effect61. Thus, the results in experimen
tal animals suggest a complex and variable interaction 
between several chemotherapeutic agents and micro
biota. However, detailed mechanistic studies in vivo 
have been reported only for platinum compounds and 
cyclophosphamide (CTX)61,62.

Platinumbased antineoplastic drugs such as 
oxaliplatin and cisplatin kill tumour cells by inhibiting 
DNA replication and by targeting cellular membranes 
and mitochondria63. They form intrastrand platinum– 
DNA adducts that lead to DNA doublestrand breaks 
(DSBs). In addition to killing tumour cells, plati
num drugs cause severe intestinal toxicity, nephro
toxicity, disruption of blood–brain barrier integrity, 
oto toxicity leading to hearing loss and peripheral 
neuro pathy64–69. Like other chemotherapeutic agents, 
the genotoxic platinum compounds are toxic for the 
rapidly regenerating intestinal mucosal cells, leading 
to disruption of barrier functions70,71. Barrier breach
ing enables commensal microorganisms and patho
gens to access the mesenteric lymph nodes and also the 
blood circulation, leading to septicaemia and systemic 
inflammation70.

Figure 2 | Major pathways of drug metabolism and the role of microbiota following enteral (for example, oral) 
or parenteral (for example, intravenous) administration. a | Enteral drug metabolism. Orally administered drugs 
(E1) sit in the stomach for 30–45 minutes before reaching the intestine and being absorbed into the liver by the 
portal circulation (E2). In the intestine, host and microbial enzymes induce metabolic alterations to the drug that 
together with direct binding to bacterial products and segregation control intestinal absorption43. In the liver, 
following phase I and phase II processing (first pass metabolism; E3), approximately 90% of the oral drug is 
metabolized and destroyed or eliminated through biliary secretion (E4). The drugs secreted into the intestine via the 
biliary duct can be reabsorbed via the portal circulation or excreted in stools. As a consequence, only 10% of the oral 
drug enters the circulation through the hepatic veins and is available to reach the target tumours and other tissues 
(E5). Phase I and phase II processing are also affected by the gut microbiota through the regulation of the level of 
host enzymes involved in drug processing. b | Parenteral drug metabolism. Following intravenous administration (P1) 
close to 100% of the drug enters the circulation and is available to reach the target tumours (P2); however, the drug 
is also distributed systemically, inducing adverse toxic reactions (P3). Any remaining drug not retained in tissues can 
be rapidly excreted by the kidney. Each minute 29% of the circulating drug is transported via the splanchnic 
circulation (hepatic, mesenteric and splenic arteries) to the liver (P4), where the drug is processed similarly to 
enterally administered drugs. The detoxified drugs that are secreted from the liver to the intestine through the 
biliary excretion route can be reactivated by bacterial enzymes, inducing intestinal toxicity. CYP450, cytochrome 
P450; GI, gastrointestinal.
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Pathogenic T helper 17 cells
(pTH17 cells). A CD4+ T cell 
subset that simultaneously 
expresses markers of TH1 cells 
(T-bet transcription factor, 
interferon–γ (IFN–γ) and CXC 
chemokine receptor 3 (CXCR3)) 
and of TH17 cells (RORγT 
transcription factor, 
interleukin-17 (IL-17) and C-C 
chemokine receptor 6 (CCR6)).

The antitumour effect of oxaliplatin or cisplatin 
treatment on subcutaneous transplantable tumours 
is dramatically decreased in germfree mice or in 
mice in which gut commensals have been depleted by 
broadspectrum antibiotics62 (FIG. 3). In microbiota 
depleted mice, oxaliplatin induces a lower level of 
inflammatory gene expression in tumours than 
observed in conventionally raised mice62. The pres
ence of gut microbiota is not necessary for the drug 
to penetrate the tumour and to form platinum–DNA 
adducts. However, oxaliplatininduced DNA damage 
in the tumour cells is decreased in microbiotadepleted 
mice62. Known components of the cytotoxic effects of 
platinum drugs that mediate the DNA and other cellu
lar damage are reactive oxygen species (ROS)72,73. The 
source of the ROS, required for induction of DNA 
damage and apoptosis in tumour and tissue cells was 
expected to be the cancer cells themselves upon inter
action with the drug73. However, the absence of gut 
microbiota in mice was shown to prevent the paracrine 
production of ROS by tumourinfiltrating myeloid cells 
via NADPH oxidase 2 (NOX2)62. Consistently, oxalip
latin is not effective in mice that are genetically defi
cient for Cybb (which encodes the gp91phox chain of 
NOX2) or in mice in which myeloid cells are depleted 
by antibody treatment62. Similarly, reassociation 
of antibiotictreated mice with the probiotic bac
terial species Lactobacillus acidophilus restores the 
cisplatin antitumour effect and recovers some of  
the cisplatininduced inflammatory gene expression 
that is observed in conventionally raised mice74. The 
mechanism by which the intact gut microbiota or 
L. acidophilus prime intratumour myeloid cells for 
ROS production in response to platinum drugs is 
dependent on signalling through myeloid differentia
tion primary response 88 (MYD88)associated innate 
immune receptors (also known as pattern recognition 
receptors (PRRs)), although the precise receptors 
involved remain to be determined62 (FIG. 4).

Oxaliplatin induces immunogenic cancer cell death, 
a cell death modality that is preceded by autophagy and 
that exposes cell surfaceassociated and soluble immuno
stimulatory signals, thus stimulating an antitumour 
immune response through the activation of antigen 
presenting cells75. The adaptive T  cellmediated 
cytotoxic response against oxaliplatintreated tumours 
results in longlasting tumour regression and cure in 
most mouse tumour models62,75,76. The activation of 
T cells following immunogenic cell death is dependent 
on an inflammatory response involving the induction of 
interleukin1β (IL1β). This is mediated by the dual acti
vation of the innate immune receptor Tolllike recep
tor 4 (TLR4) by nuclear high mobility group protein B1 
(HMGB1), a damageassociated molecular pattern 
(DAMP) released by dying cells, and of the NODlike 
receptor, pyrin domain containing 3 (NLRP3) inflam
masome77. DAMPs react with germlineencoded PRRs 
and activate inflammation, innate resistance and adap
tive immunity78 (FIG. 4). The ability of another chemo
therapeutic agent, anthracycline, to elicit antitumour 
T cell immunity requires the activation of another 

innate immune receptor, formyl peptide receptor 1 
(FPR1) on dendritic cells, not by microbial products 
but through interaction with the endogenous ligand 
annexin A1 from dying cancer cells, which promotes 
stable contacts between the dying cancer cells and the 
dendritic cells79 (FIG. 4). Unlike oxaliplatin, cisplatin 
does not induce immunogenic cell death and in mouse 
tumour models mediates an initial effective and rapid 
antitumour effect with almost complete destruction 
of the tumours; however, this effect is short lived and 
tumours grow back within about a week, killing most 
of the animals62. In microbiotadepleted mice, the early 
genotoxic and cytotoxic effects of both platinum com
pounds as well as the oxaliplatininduced longterm 
survival are decreased62. These findings suggest that 
the microbiota composition modulates both the early 
cytotoxic effect and the adaptive immune response, 
possibly by independent mechanisms.

Similarly to oxaliplatin, the alkylating agent CTX 
also induces immunological cell death80. The anti
tumour activity of CTX in tumourbearing mice 
induces alteration of the gut mucosa within 1–2 days, 
with increased mucosal permeability and transloca
tion of gut bacteria into the mesenteric lymph nodes61. 
Furthermore, CTX treatment alters the composition of 
commensals in the small intestine of tumourbearing 
mice within a week, similar to what has been observed 
in cancer patients61,81. More specifically, this chemo
therapeutic agent selectively reduces the abundance of 
several bacterial phyla in the small intestinal mucosa 
while it enhances that of Grampositive bacteria, such 
as Enterococcus hirae, which translocate into mesenteric 
lymph nodes61,82. Following CTXinduced immuno
genic tumour cell death, these translocated bacteria 
increase the intratumoural CD8+ T cell/T regulatory 
(Treg) cell ratio and activate pathogenic T helper 17 cells 
(pTH17 cells) and memory TH1 cell immune responses, 
resulting in the induction of an antitumour adaptive 
immune response that can be detected in the spleen of 
the treated animals61,82,83. The pTH17 cell responses and 
the antitumour effect of CTX treatment are reduced in 
germfree mice and in mice depleted of Grampositive 
bacteria by treatment with antibiotics61. Moreover, the 
antitumour effect of CTX can be restored in microbiota 
depleted mice by adoptive transfer of pTH17 cells61. In 
addition, another bacterial species, the Gramnegative 
Barnesiella intestinihominis accumulates in the colon 
and promotes the infiltration of interferonγ (IFNγ)
producing γδ T cells in cancer lesions of CTXtreated 
mice82. The immune sensor nucleotidebinding oli
gomerization domaincontaining 2 (NOD2) limits the 
ability of these microorganisms to translocate and to 
modulate CTX anticancer activity. It is noteworthy that 
the presence of E. hirae and B. intestinihominisspecific 
TH1 cells correlated with a more favourable prognosis in 
patients with advanced lung or ovarian cancer treated 
with chemoimmunotherapy82.

Drug-induced toxicity. There is little information cur
rently available regarding the ability of probiotics to pre
vent platinumcompound toxicity. Oral treatment with a 
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probiotic combination of lyophilized live L. acidophilus 
and Bifidobacterium bifidum was shown to prevent intes
tinal toxicity in cancer patients treated with both radio
therapy and cisplatin84. Combined with experimental 
data that L. acidophilus supports the anticancer effect of 
cisplatin, these clinical data suggest the possibility that 
probiotic bacterial species such as L. acidophilus may 
favour the antitumour effect while preventing some of 
the toxic side effects of the drug74,84. Inhibition of NOX 
proteins by acetovanillone protects mice from cisplatin 
nephrotoxicity by blocking early ROS production in 
drugdamaged proximal tubular cells and subsequent 

ROS production by tissue myeloid cells85. Thus, the gut 
microbiota may regulate both the antitumour effect 
and the toxicity of platinum compounds by similarly 
modulating tissue and tumour ROS production62,85. 
The intestinal chemotoxicity of methotrexate is medi
ated in part by activation of TLR4 by either microbial 
products or endogenous DAMPs86,87 (FIG. 4). Activation 
of TLR2 protects the mucosa against methotrexate 
induced damage by increasing the expression of the ABC 
transporter multidrug resistance protein 1 (MDR1; also 
known as Pglycoprotein and ABCB1), which regulates 
the efflux of xenobiotics from intestinal epithelial cells86–88. 
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Cachexia
A wasting syndrome with 
muscle atrophy and loss of 
weight and adipose tissue, 
often associated with cancer 
and cancer therapy.

Bystander effect
In radiobiology, collateral 
damage exhibited by 
unirradiated cells in response 
to signals received from nearby 
irradiated cells.

Abscopal effect
In radiotherapy, a 
phenomenon whereby local 
radiotherapy induces tumour 
regression at sites distant from 
the irradiated site.

Doxorubicin induces severe side effects such as cardio
myopathy and intestinal mucositis associated with 
major changes in both the oral and the intestinal 
microbiota89–91. Although these results suggest that the 
alterations in microbiota composition contribute to toxi
city, the innate immune receptors responsible for the 
microbiotainduced toxicity have not been fully char
acterized89–91. However, NOD2 stimulation by bacterial 
muramyl dipeptide has a protective effect and prevents 
mucosal damage by doxorubicin92 (FIG. 4).

The gut microbiota regulates pancreatic betacell mass, 
adipose tissue inflammation and uptake of lipids. It ulti
mately promotes dietinduced obesity through the bile 
acid nuclear receptor farnesoid X receptor (FXR) path
way93,94. Fat metabolism and adipose tissue are affected 
in many patients with tumours as well as in platinum 
drugtreated individuals, resulting in cachexia95–98. Not 
only can cancer therapy aggravate the devastating effects 
of cancerassociated cachexia99,100, but also many chemo
therapeutic agents, including cisplatin, can directly induce 
multiorgan failure and muscle wasting that resembles the 
properties of cancer cachexia100–102. In addition, the over
all toxicity of cancer treatment is augmented in patients 
with cachexia in part as a consequence of altered drug 

pharmacokinetics in these patients103,104. Although the 
mechanism underlying cachexia in these conditions 
remains poorly understood, the close relationship between 
the gut microbiota and energy metabolism raises the pos
sibility that the composition of the microbiota could be 
involved in the pathogenesis of this condition and there
fore, could be targeted for therapy98,105,106. Use of probiotics 
alone or together with a nutritional supplementenriched 
diet was shown to improve body weight in patients and 
mice with cancerassociated cachexia107,108. Recent stud
ies in mice have shown that the colonization of the gut 
by the E. coli strain O21:H+ prevents muscle wasting 
induced by infection or intestinal damage by engaging 
the NLR family CARD domaincontaining protein 4 
(NLRC4) inflammasome and the insulinlike growth fac
tor 1 (IGF1) signalling pathway109. Additional mechanistic 
studies and rigorous clinical trials are needed to estab
lish whether modulation of gut microbiota homeo stasis 
could become an effective clinical approach to treat cancer 
comorbidities such as anorexia and cachexia as well as 
cancer therapy adverse events.

Radiotherapy and microbiota
Many cancer patients receive ionizing radiation therapy 
(RTX) that is genotoxic for tumour cells and may be cura
tive for localized cancers. The classic paradigm in radi
ation biology assumed that the cellular nucleus was the 
only target of radiation and DNA damage was induced by 
direct deposition of energy or production of ROS through 
radiationinduced dissociation of intracellular water mol
ecules. However, ionizing radiation also induces non 
targeted effects on nonirradiated cells such as the 
bystander effect on nearby cells; systemic radioadaptive 
responses including inflammatory and immune reactiv
ity; and genomic instability110,111. Bystander and systemic 
effects are secondary to DNA damage and are mediated 
by the disruption of gap junction proteins involved in 
cell–cell interactions112 and by the release of extracellular 
mediators, including ROS, nitric oxide (NO), cytokines 
and exosomes78,113–116. Thus, radiation, similarly to the 
tissue damage associated with infection by pathogens, 
induces the release of DAMP stress signals.

Response to RTX. Relatively little is known about 
whether and how the microbiota regulates the response 
to RTX. Local irradiation can induce immunogenic 
tumour cell death and promote systemic inflammation 
and immunity80,117. However, the effects of radiation 
are complex, activating both immunostimulating and 
immunosuppressive responses and may be insufficient 
to activate a protective anticancer immune response80,117. 
Ionizing radiation exerts antitumour responses outside 
the field of radiation — known as the abscopal effect 
— that are immune mediated and require the activa
tion of antigenpresenting dendritic cells and immune 
T cells118. As the gut microbiota has been shown to affect 
the immune response induced by immunogenic cell 
death in both chemotherapy and immunotherapy (dis
cussed below)61,62,119, it can be hypothesized that the gut 
microbiota also fulfils a role in the immunostimulatory 
effects of RTX.

Figure 3 | The gut microbiota regulates anticancer therapies. In physiological 
conditions, the commensals in the intestinal lumen are prevented from translocating 
through the intestinal mucosa by an intact epithelial barrier covered by a mucus layer 
that is poorly permeable to microorganisms. Treatment with platinum (Pt) drugs, total 
body irradiation (TBI), cyclophosphamide (CTX) and anti-cytotoxic T lymphocyte- 
associated antigen 4 (CTLA4) all cause damage to the mucus layer, which disrupts 
barrier integrity and enables bacteria to penetrate the lamina propria, which lies 
beneath the epithelium. Translocated bacteria activate innate immune cells and 
initiate local and systemic inflammation. Mechanisms of gut-associated toxicity and 
tumour clearance vary based on treatment type, and the microbial species that have 
been demonstrated to affect these mechanisms are listed at the top of the figure.  
Gut commensals, through myeloid differentiation primary response 88 (MYD88)- 
associated receptors, prime myeloid cells for the generation of reactive oxygen 
species (ROS), which, in the presence of Pt–DNA adducts formed in response to 
cisplatin or oxaliplatin, cause DNA damage62,74. TBI used to condition patients before 
they receive adoptive T cell therapy induces mucosal damage and translocation of 
commensals, which through Toll-like receptor 4 (TLR4) signalling activate dendritic 
cells to sustain proliferation and cytotoxic functions of the transferred T cells153.  
CTX induces immunological cell death of tumour cells, which elicits the generation  
of antitumour pathogenic T helper 17 (pTH17) cells, TH1 cells and cytotoxic 
T lymphocytes (CTLs); CTX also induces damage to the mucosa and translocation  
of commensal bacteria that activate tumour antigen-presenting dendritic cells, 
enhancing the antitumour immune response61,82. During CpG-oligodeoxynucleotide 
(ODN)–anti-interleukin-10 receptor (IL-10R) therapy, the gut microbiota, through 
TLR4 signalling, primes tumour-infiltrating myeloid cells to respond to the TLR9 
agonist CpG-ODN, producing tumour necrosis factor (TNF) and other inflammatory 
cytokines that induce haemorrhagic necrosis of the tumour and an antitumour 
immune response62. Anti-CTLA4 immunotherapy promotes both antitumour and 
anti-commensal immunity; the anti-commensal immunity against specific genera, 
such as Burkholderiales and Bacteroidales (Bacteroides thetaiotaomicron and 
Bacteroides fragilis), results in mucosal damage and bacterial translocation but  
also serves as an adjuvant for the antitumour response33. The efficacy of anti- 
programmed cell death protein 1 ligand 1 (PDL1) therapy in generating antitumour 
immunity by preventing programmed cell death protein 1 (PD1) interaction with 
PDL1 is enhanced by the presence in the gut microbiota of Bifidobacterium spp. 
(Bifidobacterium breve, Bifidobacterium longum and Bifidobacteri-um adolescentis)152. 
A. shahii, Alistipes shahii; B. intestinihominis, Barnesiella intestinihominis; E. hirae, 
Enterococcus hirae; L. acidophilus, Lactobacillus acidophilus; L. johnsonii, Lactobacillus 
johnsonii.
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RTX toxicity. The biggest limitations to the effectiveness 
and safety of RTX in cancer therapy remain the hetero
geneity in radiation sensitivity of different cancer types 
as well as local and systemic toxicity and stress responses 
that cause significant morbidity and may also impair anti
tumour immunity120,121. RTX is associated with damage to 
healthy tissues and, in particular, actively proliferating tis
sues such as bone marrow and epithelia (for example, the 
skin and the digestive tract mucosa) are highly affected by 

radiation exposure122. The observed changes in micro
biota composition at epithelial surfaces in patients and 
mice treated with RTX have been proposed to contrib
ute to the pathogenesis of oral mucositis, diarrhoea, 
enteritis, colitis and bone marrow failure123–125. RTX 
induces apoptosis in the intestinal crypts, breach of 
the intestinal barrier and alterations in the microbiota 
composition122. These alterations enable pathobionts to 
gain access to the intestinal immune system, leading 

Figure 4 | Microbiota-triggered innate immune receptors. Microbial 
products (microorganism-associated molecular patterns; MAMPs) and 
endogenous ligands, often released following tissue damage 
(damage-associated molecular patterns; DAMPs) interact with 
membrane-bound and cytoplasmic innate immune receptors regulating 
nutrition, metabolism, tissue homeostasis, inflammation, innate and 
adaptive immunity and, to a lesser extent, morphogenesis213–217. The gut 
microbiota promotes platinum cancer therapy by signalling through 
myeloid differentiation primary response 88 (MYD88), an adaptor for 
both the Toll-like receptor (TLR) and the interleukin-1 receptor (IL-1R) 
families61,62. ? denotes that the identity of the receptors are yet to be 
determined. Activation of TLR4 by MAMPs primes tumour myeloid cells 
to respond to the TLR9 agonist CpG-oligodeoxynucleotide (ODN), 
induces mucosal bacterial translocation following total body irradiation 
(TBI), which favours optimal anticancer activity of adoptive T cell transfer 
and mediates mucosal toxicity by methotrexate62,86,87. In response to 
immunogenic cell death mediated by oxaliplatin or cyclophosphamide 
(CTX), activation of TLR4 by DAMPs in combination with NOD-like 
receptor, pyrin domain-containing 3 (NLRP3) inflammasome activation 
induces antitumour T cell activation77. Activation of TLR2 by MAMPs 
protects against mucosal damage induced by chemotherapy or 

radiation86–88,130–132. Radiation activates TLR3 and the inflammasome 
absent in melanoma 2 (AIM2) by inducing leakage of cellular RNA and 
double-strand DNA breaks, respectively, resulting in massive cell death 
and tissue damage127–129. The cytoplasmic nucleotide-binding 
oligomerization domain-containing 2 (NOD2) receptor recognizing 
bacterial muramyl dipeptides participates in the regulation of intestinal 
mucosa homeostasis and protects against chemotherapy-induced 
mucosal damage and bacterial translocation82,92. The N-formyl peptide 
receptors (FPRs) recognize bacterial peptides as well as endogenous 
ligands218. FPR2 expressed on apical and lateral membranes of the 
colonic crypt has a crucial role in regulating intestinal homeostasis and 
inflammation219. The ability of anthracycline to elicit antitumour T cell 
immunity requires the interaction of FPR1 on dendritic cells with the 
endogenous ligand annexin-A1, which promotes stable contacts 
between dying cancer cells and dendritic cells79. A. shahii, Alistipes shahii; 
COX2, cyclooxygenase 2; HMGB1, high mobility group protein B1; 
L. acidophilus, Lactobacillus acidophilus; L. reuteri, Lactobacillus reuteri; 
L. rhamnosus, Lactobacillus rhamnosus; LPS, lipopolysaccharide; MDR1, 
multi-drug resistance protein 1; NOX, NADPH oxidase; NRF2, nuclear 
factor erythroid 2-related factor 2; ROS, reactive oxygen species;  
TNF, tumour necrosis factor. 
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to inflammation in the gut as well as changes to the 
microbiotamediated homeostatic control of mucosal 
and systemic innate and adaptive immunity11,123,126 
(FIG. 1).

The severity of RTXinduced oral mucositis and 
enteropathy may impose a limitation on therapy 
completion. The TLR3 for doublestranded RNA 
(dsRNA) regulates irradiationmediated intestinal 
toxicity. Tlr3−/− mice are sensitive to p53dependent 
radiationinduced apoptosis but are protected against 
TLR3dependent massive cell death following radiation 
induced leakage of cellular RNA127,128. Tlr3−/− mice 
survive longer when exposed to ionizing radiation 
and show less intestinal toxicity than wildtype mice, 
suggesting that blocking TLR3 signalling may reduce 
radiationmediated gastrointestinal damage127,128 (FIG. 4). 
Radiationinduced DNA DSBs also activate the DNA 
sensor absent in melanoma 2 (AIM2) inflammasome, 
resulting in cell death and tissue damage129 (FIG. 4). 
In contrast, TLR2activating microorganisms such as 
the probiotic Lactobacillus rhamnosus GG have been 
shown in mice to protect the intestinal mucosa against 
chemotherapy or radiotherapyinduced toxicity by 
relocating cyclooxygenase 2 (COX2)expressing cells 
from the villi to the base of the intestinal crypts130 
and inducing ROS, which activate the cytoprotective 
NRF2 system131,132 (FIG. 4). Indeed, probiotics have been 
proved in some clinical studies to be beneficial in pre
venting radiationinduced enteropathy. Preparations 

containing L. acidophilus, B. bifidum, Lactobacillus casei 
and particularly the VSL#3 formulation contain
ing Bifidobacterium, Lactobacillus and Streptococcus 
spp. have been found to be protective against pelvic  
radiationinduced gut toxicity, significantly reducing 
the incidence of severe diarrhoea and delaying the 
necessity for rescue treatment with loperamide123,133. 
Administration of Lactobacillus brevis CD2 lozenges 
during radiation and chemotherapy treatment of 
patients with head and neck cancer also decreased the 
incidence of therapyinduced mucositis and increased 
the treatment completion rate134.

Total body irradiation (TBI) is part of the preparative 
regimen for haematopoietic stem cell (or bone marrow) 
transplantation (BOX 2) and for adoptive T cell transfer 
immunotherapy. Although probiotic treatment amelio
rates local RTXinduced toxicity, germfree mice survive 
longer than conventionally raised mice after TBI and 
require a higher radiation dose to induce enteropathy 
and 50% mortality135. After irradiation, germfree mice 
have fewer apoptotic endothelial cells in the intestinal 
mucosa and less lymphocyte infiltration than conven
tionally raised mice135. The resistance of germfree mice 
to the enteric toxicity of TBI could be due to the absence 
of gut commensals and pathobionts that in conven
tionally raised animals may contribute to the mucosal 
inflammation and damage that follow the initial insult 
mediated by RTX. However, one of the major mechan
isms responsible for the resistance of germfree mice to 
TBI is the production of angiopoietinlike 4 (ANGPTL4; 
also known as FIAF), a protein inhibitor of lipoprotein 
lipase that is suppressed by the presence of the micro
biota in conventionally raised mice135. ANGPTL4 has 
pleiotropic effects on lipid metabolism, angiogenesis and 
tissue repair136. Similarly to conventionally raised mice, 
Angptl4  genetically deficient germfree mice are suscep
tible to intestinal damage. The transcription of Angptl4 is 
regulated by the PPAR family in response to bacteria that 
induce the production of small chain fatty acids from 
indigestible carbohydrates137–139. Conversely, the bacte
ria that induce Angptl4 expression include those such as 
the Bifidobacterium, Lactobacillus and Streptococcus spp. 
that mediate protection against RTXinduced mucosi
tis and colitis in patients, providing an explanation for 
the paradoxical observation that both germfree mice 
and mice treated with probiotic bacteria are resistant to  
radiotherapy toxicity.

Mice are more susceptible to irradiation toxicity 
during daytime than at nighttime140–142. The circadian 
rhythm affects radiationinduced apoptosis and activa
tion of p53responsive genes in the intestine, bone mar
row and peripheral blood140–142. As the circadian rhythm 
is associated both with diurnal variation of gut microbial 
composition and short chain fatty acid production, and 
with cyclic expression in the gut of microbiotadetect
ing innate immune receptors resulting in oscillation 
in the number of circulating inflammatory cells that 
may modu late radiation sensitivity143–147, it is possible 
to hypothesize that the observed changes in radiation 
sensitivity may be linked to the circadian variation in 
microbiota composition.

Box 2 | Role of intestinal microbiota in haematopoietic stem cell transplantation

Allogeneic haematopoietic stem cell transplantation (allo‑HSCT) and bone marrow 
transplantation are routine procedures for the treatment of haematopoietic 
neoplasias198. Before infusing haematopoietic cells, a conditioning regimen using 
high‑dose chemoradiotherapy or chemotherapy alone is administered to cancer 
patients in order to eliminate the malignant cells followed by the graft to restore 
haematopoiesis. Although allo‑HSCT represents a curative procedure for some 
patients, frequent complications can arise, such as graft‑versus‑host disease (GVHD), 
systemic infections and bacteraemia (the presence of bacteria in the blood)199.

Following allo‑HSCT, changes in gut microbiota composition and reduced diversity 
were observed in both mice and patients199–202, which are probably due to 
therapy‑associated mucosal damage, inflammation and immune response against  
the commensal bacteria, as well as the use of antibiotics. Depending on the type  
of antibiotic used during the treatment, the risk of dominance in the gut of 
Enterococcus, Streptococcus and various proteobacteria can increase over time after 
allo‑HSCT203. Dominance of Enterococcus could evolve into vancomycin‑resistant 
Enterococcus bacteraemia whereas dominance of proteobacteria could evolve into 
Gram‑negative bacteraemia203. Mortality is significantly higher in patients with lower 
diversity in the gut microbiota after HSCT and the diversity of the microbiota at 
engraftment is an independent predictor of mortality in allo‑HSCT200. In addition, loss 
of the genus Blautia as a consequence of the use of antibiotics with specificity for 
anaerobic bacteria was associated with increased GVHD and reduced survival204. 
Thus, the use of antibiotics, although required to prevent infections during the 
engraftment phase, might affect treatment‑related toxicities and favour domination 
by pathogens and pathobionts. It has been proposed that reconstitution of the 
microbiota lost during allo‑HSCT through transplantation after haematopoietic 
engraftment with autologous faecal preparations collected and stored before the 
initiation of conditioning, or restoration of specific bacteria, may improve the clinical 
outcome200. Mouse data showing that administration of Lactobacillus spp. reduces 
the severity of GVHD201 suggest that the restoration of specific bacterial species 
through clinical use of probiotic preparations could be effective in ameliorating 
HSCT-related toxicity.
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The data presently available suggest that the micro
biota composition modulates the response and repair fol
lowing irradiationinduced damage. However, the ability 
of the microbiota to license the genotoxicity of chemo
therapeutic agents by priming for ROS production and 
inflammatory responses62 suggests that the microbiota 
may also control the direct nuclear effect of ionizing 
radiation and/or its bystander effect. Recently, it has 
been reported that conventionally raised mice exposed 
to highenergy protons are more susceptible than mice 
with a restricted gut microbiota to singlestrand and per
sistent dsDNA damage in peripheral blood leukocytes148. 
A better understanding of the mechanism of radiation 
nontargeted effects and their regulation by the commen
sal microbiota or its therapeutic manipulation will be 
invaluable in increasing therapeutic effectiveness, redu
cing collateral toxicity of radiotherapy and managing 
the health effects of accidental exposure to radiation.

Immunotherapy and microbiota
In most patients treated with traditional cancer ther
apies, tumours become resistant to therapy and the 
chances of tumour recurrence are high149. Recently, 
immunotherapy approaches have shown potential in 
treating haematopoietic and solid cancers150 and have for 
the first time achieved longlasting complete responses 
in a proportion of patients with metastatic melanoma 
and lung cancer who were unresponsive to conventional 
therapies. However, the efficacy of immunotherapy is 
still limited by the variability of the immune response 
in different patients and the different susceptibility of 
tumour types151. The emerging knowledge of the abil
ity of the gut microbiota to modulate the response to 
immuno therapy offers new possibilities to improve its 
efficacy by targeting the microbiota33,62,152.

Adoptive T cell transfer. The first report of the ability 
of the gut microbiota to sustain the anticancer effect of 
immune therapy was the observation that the efficacy 
of adoptive transfer of tumourspecific cytotoxic T cells 
following TBI was reduced in mice treated with anti
biotics153. The proliferation of the transferred T cells in 
the tumour and their antitumour cytotoxic activity is 
enhanced by the TBIinduced translocation of the gut 
microbiota into the mesenteric lymph nodes153. This 
effect of the translocated microbiota requires TLR4 
signalling, as TLR4deficient mice respond poorly to 
the treatment whereas the administration of a TLR4 
ligand, lipopolysaccharide (LPS), can enhance the anti
tumour response induced by adoptive T cell transfer in 
nonirradiated lymphodepleted mice153 (FIG. 4). These 
observations may help to explain why patients with 
metastatic melanoma treated with adoptive cell therapy 
using tumourinfiltrating lymphocytes respond better 
if a conditioning regimen including myelo ablative 
radiotherapy is used154. Similarly, morbidity and sur
vival after haematopoietic stem cell transplantation 
preceded by a conditioning regimen using TBI and/or 
chemotherapy have been shown to be modulated by 
the composition of the patient’s gut microbiota after 
therapy (BOX 2).

CpG-oligodeoxynucleotide intratumour therapy. 
Intratumoural treatment with the TLR9 agonist 
CpGoligodeoxynucleotide (CpGODN) induces an 
antitumour effect that is potentiated when the immuno
suppressive effect of the cytokine IL10, produced 
by tumourinfiltrating Treg cells and myeloid cells, is 
prevented by using IL10 receptor (IL10R) antibod
ies155–157. CpGODNs act by inducing the secretion from 
myeloid cells of proinflammatory cytokines such as 
tumour necrosis factor (TNF) and IL12 that provoke 
a rapid haemorrhagic necrosis and redirect tumour 
infiltrating macrophages and dendritic cells from an anti 
inflammatory to a proinflammatory state. In this 
proinflammatory microenvironment, an antigen 
specific adaptive T cell antitumour immunity is elicited 
that can clear tumours in most conventionally raised 
mice155. In contrast, in germfree mice or mice treated orally 
with a cocktail of nonabsorbable antibiotics (vanco mycin, 
neomycin and imipenem), treatment of sub cutaneous 
tumours with CpGODNs and antiIL10R is largely 
inefficient and the tumours progress62. In microbiota 
depleted mice, tumourinfiltrating myeloid cells fail  
to produce proinflammatory cytokines in response to 
CpGODNs and neither the TNFdependent haemor
rhagic necrosis nor the antitumour adaptive immunity 
are efficiently induced by the treatment62.

In tumours of microbiotadepleted mice, the total 
number of infiltrating inflammatory monocytes before 
treatment is unaltered while the number of monocyte 
derived Ly6C+ major histocompatibility complex (MHC) 
class II+ cells is reduced62. These data suggest impaired 
differentiation of bone marrowderived infiltrating 
inflammatory monocytes into cells with the charac
teristics and functions of macrophages and dendritic 
cells in the tumour microenvironment of microbiota 
depleted mice. However, only after CpGODN treatment 
are major differences in gene expression, particularly in 
genes encoding inflammatory products and markers, for 
example, TNF and IL12, observed in tumourinfiltrating 
myeloid cell subsets between microbiotadepleted and 
conventionally raised mice. A partial reduction in 
the response of the myeloid cell to CpGODNs is also 
observed in TLR4deficient mice, and oral administra
tion of the TLR4 agonist LPS to microbiotadepleted 
mice reconstitutes the responsiveness of the myeloid 
cells62 (FIG. 4). These results suggest that the gut micro
biota, in part through TLR4 signalling, systemically 
primes myeloid cells, including tumourinfiltrating cells, 
for responsiveness to TLR9, a phenomenon that resem
bles the ‘trained’ innate resistance described with various 
innate effector cell types158.

TNF production in response to CpGODNs corre
lates both positively and negatively with the frequency 
of various bacterial genera in the faecal microbiota of 
mice at the time of the treatment (FIG. 3). For example, 
the frequencies of the Gramnegative Alistipes and the 
Grampositive Ruminococcus genera are positively cor
related with TNF production whereas the frequencies of  
the Lactobacillus genus, including Lactobacillus murinum, 
Lactobacillus intestinalis and Lactobacillus fermentum 
are negatively correlated59. After mice were exposed to 
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Prebiotics
Non-digestible food 
ingredients, often containing 
fibre, that promote the growth 
of beneficial microorganisms in 
the intestines.

Enterotypes
Classification of individuals 
based on the composition of 
their gut bacterial ecosystem, 
each enterotype having distinct 
clusters of organisms with 
characteristic predominant 
bacterial species.

antibiotics, recolonization of their gut microbiota with 
Alistipes shahii restored the ability of myeloid cells to 
produce TNF, whereas oral administration of L. fer
mentum to conventionally raised mice impaired TNF 
production62. These results indicate that, although 
complete depletion of the gut microbiota results in abo
lition of the ‘training’ of myeloid cells for response to  
CpGODNs, different bacterial species can have oppo
site effects. Thus, changes in gut microbiota composition 
or alteration in the frequency of individual species that 
can be obtained by therapeutic approaches such as the 
use of antibiotics, prebiotics or probiotics, could be used 
to modulate the response to immunotherapies.

Immune checkpoint inhibitors. In many cancer patients, 
antitumour immunity is dormant or suppressed but can 
be reactivated by releasing the immunological brakes that 
tumours use to escape antitumour immunity150,159–161. 
In particular, the immune checkpoint inhibitors (anti
bodies against cytotoxic T lymphocyteassociated anti
gen 4 CTLA4) expressed on activated T effector cells and 
Treg cells and programmed cell death protein 1 (PD1) 
or its ligand PD1 ligand 1 (PDL1)) have shown strong 
antitumour activity in experimental animal models and 
substantial and longlasting clinical efficacy in patients 
with cancer (melanoma, renal cell cancer, lung cancer 
and others being tested in ongoing clinical trials)162. 
Interpatient variability in therapeutic responsiveness 
and the failure of certain types of tumour to respond 
remain of great concern154. In addition, immune check
point inhibitors can induce immunerelated adverse 
effects, particularly colitis and inflammation of the pitu
itary gland in response to CTLA4 antibodies, and thy
roid dysfunction and pneumonitis following blockade 
of the PD1–PDL1 interaction163. Recently, two studies 
have reported the association of the gut microbiota in 
regulating the efficacy of antiCTLA4 and antiPDL1 
cancer therapy33,152.

Subcutaneous tumours respond poorly to 
antiCTLA4 in antibiotictreated or germfree mice33. 
CTLA4 antagonism induces T cellmediated mucosal 
damage in the ileum and colon that is associated with 
an alteration in the composition of the intestinal and 
faecal microbiota33. In general, the relative frequency 
in tumourbearing mice of both Bacteroidales and 
Burkholderiales (for example, Bacteroides thetaiotao
micron, Bacteroides uniformis and Burkholderia cepa
cia) decreases, whereas that of Clostridiales increases, 
upon antiCTLA4 treatment. However, the frequency 
of the immunoregulatory Bacteroides fragilis remains 
constant33. Oral feeding of either B. thetaiotaomicron or 
B. fragilis to microbiotadepleted mice restores the ther
apeutic response to antiCTLA4 by inducing matura
tion of intratumoural dendritic cells and a TH1 response 
detected in the tumourdraining lymph nodes33. The 
feeding of mice with combined B. fragilis and B. cepacia 
also restores the therapeutic response to antiCTLA4, 
but unlike single administration with either B. theta
iotaomicron or B. fragilis, the combined treatment also 
significantly decreases the extent of intestinal damage 
and colitis associated with the antitumour response33. 

In patients treated with antiCTLA4, it was simi
larly observed that an increased frequency of the 
Bacteroidetes phylum correlated with resistance to 
colitis whereas underrepresentation of bacterial spe
cies expressing genetic pathways involved in polyamine 
transport and vitamin B biosynthesis was associated 
with an increased risk of colitis164. Individual antibiotics 
change the composition of the gut microbiota, affect
ing the antiCTLA4 response; for example, vanco mycin 
enhances the efficacy of CTLA4 blockade in mice by 
decreasing the abundance of Grampositive bacteria 
while preserving the Gramnegative Bacteroidales and 
Burkholderiales33.

In both mice and patients, antiCTLA4 induces a 
TH1 response specific for either B. thetaiotaomicron or 
B. fragilis33. The response to antiCTLA4 in microbiota 
depleted mice can be restored by adoptive transfer of 
B. fragilisspecific T cells33. These results are reminiscent 
of the longlived microbiotaspecific TH1 cell response 
that is generated in acute intestinal infections and which 
primes for a rapid TH1 polarized immune response to 
the pathogens during subsequent infections in the same 
anatomical location165. How the microbiotaspecific TH1 
cells induced by antiCTLA4 can reach distant tumour 
microenvironments and help to mount a tumourspecific 
immune response are intriguing questions.

Analysis of the faecal microbiota from patients with 
melanoma before and after treatment with antiCTLA4 
showed a change in the relative proportions of three 
dominant enterotypes observed in these patients33. 
Enterotype A was dominated by Prevotella spp. whereas 
enterotypes B and C were driven by different Bacteroides 
spp. The number of patients with enterotype C increased 
after treatment at the expense of patients with entero
type B. Transfer of the faecal microbiota from patients 
with each of the three human enterotypes into 
tumourbearing, germfree mice showed that only the 
transfer of enterotype C resulted in colonization with 
B. thetaiotaomicron or B. fragilis and enhanced respon
siveness to antiCTLA4. This observation indicates that 
antiCTLA4 may in some patients alter the composi
tion of the gut microbiota in a direction that favours its  
antitumour activity33.

Unlike antiCTLA4, PDL1 blockade does not induce 
intestinal damage and does not seem to have an absolute 
requirement for the presence of the gut microbiota152,166. 
However, when subcutaneous B16.SIY melanoma 
growth was compared between C57BL/6 mice obtained 
from two different vendors, Jackson (JAX) and Taconic, 
it was observed that tumours grew more quickly in 
Taconic mice than in JAX mice152. This correlated with 
the ability of the mice to induce an immune response 
against the tumour as shown by higher infiltration of 
CD8+ T cells in the tumour of JAX mice compared with 
Taconic mice152. Although antiPDL1 had an antitumour 
effect in both Taconic and JAX mice, the slowergrowing 
tumour of JAX mice was more profoundly affected, 
with almost complete arrest of tumour progression152. 
Taconic mice cohoused with JAX mice acquired the 
same rate of tumour growth, antitumour resistance and 
responsiveness to antiPDL1 as observed in JAX mice152.  
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The response to antiPDL1 in C57BL/6 mice trans
planted with the B16.SIY tumours is significantly 
associated with the relative frequency in the gut 
microbiota of the Bifidobacterium genus, includ
ing Bifidobacterium breve, Bifidobacterium longum  
and Bifidobacterium adolescentis152. Oral adminis
tration to mice of a commercially available probiotic 
cocktail of Bifidobacterium spp. (including B. breve and 
B. longum), alone or with antiPDL1, enhanced CD8+ 
T cellinduced antitumour activity152. Furthermore, 
the effect of Bifidobacterium was abolished in CD8+ 
T celldepleted mice, indicating that Bifidobacterium 
action is dependent on cytotoxic T cell activity152. These 
results indicate that the mechanism by which antiPDL1 
treatment enhances the antitumour immune response 
does not require microbiotaspecific inflammation and 
immune activation, unlike that induced by antiCTLA4. 
However, the therapeutic effectiveness of antiPDL1 
treatment can be facilitated in tumourbearing animals 
with a preexisting antitumour immune response when 
Bifidobacterium spp. are well represented in the gut 
microbiota.

Concluding remarks
The abundant gut microbiota regulates carcinogenesis 
and response to antitumour therapy both in the intes
tinal tract and in extraintestinal tissues, although the 
role of the microbiota at other epithelial barriers remains 
poorly understood11. Many of the mechanisms by which 
the gut microbiota affects inflammation, immunity, 
carcinogenesis and response to therapy at the local 
level have been characterized7–10. However, much less is 
known about the distant effects by which the micro biota 
at the epithelial barriers regulates not only immunity 
and carcinogenesis, but also many of the physiological  
functions of the organism11.

Most studies in the 3yearold scientific field 
investigating the modulation of cancer therapy by the 
microbiota have been in mice, and the translation of 
these experimental findings to the clinic remains a 
challenge. Experimental mouse tumour models using 
transplantable cell lines, chemical carcinogenesis or 
genetically modified mice have been instrumental in 
major advances in immune cancer therapy and in the 
detailed analysis of the molecular mechanisms involved 
in carcinogenesis and cancer therapy, yet they fail to 
fully reproduce the features of spontaneous human 
tumours167. In addition, the composition of the gut 
microbiota varies between mice, even in mice with 
identical genetic backgrounds and housed under sim
ilar conditions. Identical mouse strains obtained from 
different vendors may also have differences in micro
biota composition that profoundly affect their physi
ology152,168. The phenotype of genetically modified 
mice is not always due to a direct effect of the mutated 
gene but in some cases is mediated by the presence in the 
mutated mouse strains of an altered micro biota com
position; the altered microbiota is responsible for the 
observed phenotype and can be transmitted by cohousing 
or faecal transplant to wildtype mice, which acquire the 
same phenotype as the genetically modified mice169,170.  

A microbiota imbalance that in genetically altered mice 
influences their phenotype is not limited to bacteria 
but can involve fungi, protozoa, viruses and reactiva
tion of endogenous retroviruses171–176. Thus, preclini
cal ana lysis of cancer drugs in mice can be profoundly 
affected by the composition of the microbiota in differ
ent animal populations, necessitating great caution in 
the interpretation of the results and in their translation 
to the clinic.

Identification of the most favourable microbiota 
composition in clinical situations will require a very 
extensive human database with careful analysis of the 
correlation of different bacterial species with clini
cal response. It is possible to confirm the correlative 
results of human studies by transplanting human faecal 
microbial communities into germfree mice177. These 
humanized mice are stably and heritably colonized and 
at least in part reproduce the bacterial diversity of the 
donor microbiota177,178. They are susceptible to per
turbations, such as changes in diet, that are known to 
modify the human microbiota177. Furthermore, even if 
mice are colonized with the human microbiota, their 
physiological and immune responses are similar but not 
identical to those of humans4. For example, the genus 
Bifidobacterium, which has been shown to induce an 
immune response against tumours and facilitate the 
therapeutic efficacy of antiPDL1 in mice152, can acti
vate immune cells using two innate immune receptors, 
TLR2, which is mostly immunosuppressive, and TLR9, 
which is strongly immunostimulating, in the mouse179. 
However, the cellular expression of TLR9 in humans 
is very different from its expression in the mouse. 
Mouse TLR9 is expressed on all myeloid and dendritic 
cells whereas in humans its expression is restricted to 
plasmacytoid dendritic cells and B cells180. Thus, it is 
not possible yet to conclude that activation of TLR9 in 
humans by Bifidobacterium spp. has the same immuno
stimulating activity as observed in the mouse, and 
detailed clinical data are required to determine whether 
Bifidobacteriumcontaining probiotics would stimulate 
antitumour activity also in patients.

Once the most favourable microbiota composition 
for each clinical condition has been identified, the next 
challenge will be how to modify the patient’s micro biota. 
The resilience and stability of the gut microbiota and 
its responsiveness to physiological, pathological  
and environmental changes are characteristics that 
would enable us to use the microbiota composition as a 
biomarker, a diagnostic tool and possibly a therapeutic 
target24. Although the field of therapeutic intervention 
through targeting the microbiota is still primitive, some 
approaches are already possible. For example, the valida
tion of the microbiota as a therapeutic target is provided 
by studies showing that patients can be recolonized 
with a resilient and stable modified microbiota to fight  
antibioticresistant pathogens181. The ultimate goal is to 
discover a bacterial species or a combination of species 
that both reduces systemic toxicity and promotes anti
cancer therapy. Thus, targeting the microbiota in cancer 
and other diseases is likely to become one of the next  
frontiers for precision and personalized medicine.
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Correction note
In this article the sentence ‘however, in one study, overgrowth of Parabacteroides 
distasonis in mice treated with broadspectrum antibiotics was observed to abro
gate its antitumour effect’ was incorrectly referenced. The correct reference for this 
sentence is 61.
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