
The link between cancer and microorganisms is well 
established, and as much as 20% of the global cancer 
burden has been estimated to be caused by microbial 
agents1. For example, the pathogens Helicobacter pylori, 
Fusobacterium nucleatum, Epstein–Barr virus (EBV) 
and human papilloma virus (HPV) are all associated 
with cancer. Humans are also colonized by various com
mensal microorganisms, which form the microbiome 
(BOX 1). The microbiota can influence human health by 
preventing the growth of pathogens, producing benefi
cial microbial products and metabolizing nutrients and 
toxins. In the past decade, substantial progress has been 
made in our understanding of cancer development and 
the influence that the microbiota has on related host pro
cesses. The risk factors for cancer are similar to those for 
obesity, cardiovascular disease and type 2 diabetes, with 
the most important factor being ageing2,3. Interestingly, 
these and other diseases have been shown to be mark
edly influenced by the microbiome4,5. In this context, it is 
also important to note that alterations in the microbiome 
that favour metabolic syndrome are also risk factors for the 
development of certain cancers. Although most research 
has focused on the relationship between the intestinal 
microbiota and obesity, there is growing awareness that 
the microbiome influences oncogenesis and tumour 
progression, in part through inflammatory and immune 
circuits. The relationship between the gut microbiome 
(BOX 1) and cancer is multifactorial and most likely bi 
directional; cancerassociated changes in the micro
biome may occur as a result of the disease but may also 
 contribute to cancer progression.

Cancer development can affect the microbiome 
through several mechanisms. Cancer can only develop and 
progress in the context of failed immunosurveillance6 and is 
often associated with systemic immunosuppressive effects, 
which can alter the microbiota. Furthermore, cancer can 
affect host metabolism, and this also can perturb the gut 
microbiome, as discussed below. In addition, tumour 
growth may cause local disruption of barriers, resulting in 
focal invasion by microorganisms. Conversely, alterations 
in the microbiome may affect oncogenesis and tumour 
progression at multiple levels. First, by direct oncogenic 
effects of microorganisms or their products. Second, by 
microbiotamediated alterations in circulating metabolites 
that favour tumour growth. Third, by favouring the gen
eration of trophic factors, such as growth factors. Fourth, 
by inducing proinflammatory and immunosuppressive 
effects that may subvert anticancer immunosurveillance. 
Thus, the microbiota can contribute to the development of 
malignant disease through several mechanisms.

In this Review, we summarize what is known about 
the relationship between the microbiome and cancer. 
We investigate the effect of microbiome manipulation on 
cancer and then examine the possibility of therapeutically 
using microbial agents or their products.

The microbiome in cancer
Several studies have reported an altered composition 
of local microbiota in cancer. For example, oral, bron
chial, intestinal and vaginal microbiotas are altered in 
head and neck, lung, colorectal and cervical carcinomas, 
 respectively7–9 (TABLE 1).
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Microbiome
The collective genomes that 
can be found within a single 
microbial ecosystem.

Microbiota
The community of 
microorganisms that exist 
within a single ecosystem.

Metabolic syndrome
A syndrome characterized by 
central obesity, dyslipidaemia, 
increased blood pressure and 
high blood-sugar levels, 
increased risk of type 2 
diabetes and cardiovascular 
disease.

Immunosurveillance
A term that is used to describe 
the processes by which cells 
of the immune system hunt 
and target pathogens, such 
as bacteria and viruses, or 
pre-cancerous and cancerous 
host cells.
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Abstract | The human gut microbiome modulates many host processes, including metabolism, 
inflammation, and immune and cellular responses. It is becoming increasingly apparent that the 
microbiome can also influence the development of cancer. In preclinical models, the host 
response to cancer treatment has been improved by modulating the gut microbiome; this is 
known to have an altered composition in many diseases, including cancer. In addition, cancer 
treatment with microbial agents or their products has the potential to shrink tumours. However, 
the microbiome could also negatively influence cancer prognosis through the production of 
potentially oncogenic toxins and metabolites by bacteria. Thus, future antineoplastic 
treatments could combine the modulation of the microbiome and its products with 
immunotherapeutics and more conventional approaches that directly target malignant cells.
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Pattern recognition 
receptors
(PRRs). Innate immune 
components expressed by 
various cell types to sense 
infection or tissue damage.

Toll-like receptors
Pattern recognition receptors 
that mostly recognize bacterial 
structures.

Immune-checkpoint 
blockade
A pharmacological intervention 
whereby monoclonal 
antibodies neutralize major 
inhibitory receptors (such as 
cytotoxic T lympho cyte 
protein 4 (CTLA4) and 
programmed cell death 1 
(PD1)) expressed by activated 
lymphocytes to alleviate 
immune suppression and 
restore lymphocyte effector 
functions.

In addition, recent studies demonstrated that anti
cancer therapies can influence the gut microbiome 
(BOX 1), which, in turn, affects treatment outcome.

Associations versus cause–effect relationships. One 
recurrent problem involves understanding the cause–
effect relationships (by animal experimentation) of epi
demiological associations (which are mere correlations). 
Possible associations between exposure to antibiotics 
(which disrupts the microbiome) and an increased risk 
of cancer have been reported10. Furthermore, the advent 
of nextgeneration sequencing and modern bioinformat
ics has led to a large increase in studies on associations 
between the gut microbiome, cancer development and 
the response to cancer treatment5,11 (FIG. 1). However, 
such associations are difficult to interpret without in vivo 
experimental evidence for several reasons.

First, it is difficult to elucidate whether changes in 
the microbiota contribute to cancer or vice versa. This is 
because cancers may disrupt the local microbiome7–9,12,13, 
but they could also act at distance through soluble fac
tors, such as CCchemokine ligand 25 (CCL25)14, or 
general metabolic effects15, to influence the gut micro
biome. Indeed, we observed that subcutaneous injec
tion of transplantable cancer cell lines had a profound 
effect on the gut microbiome in mice (REF. 16; L.Z., R.D., 
M.P.R., B.R. and G.K., unpublished observations).

Second, it can be difficult to tease apart the relation
ship between cancer development and alterations in the 
microbiome because both can be triggered by the same 
overarching cause. For example, the host immune system 
or lifestyle choices may influence both the microbiome 
and cancer development. Genetic variation in pattern 
 recognition receptors (PRRs), such as Toll-like receptors (for 
example, Tolllike receptor 3 (TLR3), TLR4 and TLR5), 
can modulate anticancer immunosurveillance and the 
immune response to the microbiome.

Third, although progress has been made in the 
deconvolution of deepsequencing data, such data rarely 
enable the identification of individual microbial spe
cies, strains or strain sequence variants17. Consequently, 
current associations are often limited to correlations 
between disease parameters and phyla and genera, not 
individual microbial species. Current analyses may 
not have high enough resolution to identify oncogenic 

and oncosuppressive species and subspecies. This 
obstacle could be overcome by improved isolation and 
culture methods18.

Fourth, in the context of cancer, microbial genomes 
have been detected in tissues and body fluids that are 
usually sterile (such as plasma or cerebro spinal fluid)19,20. 
It is unclear whether the detection of these genomes is 
biologically relevant or an issue of contamination.

Despite these uncertainties, multiple associations 
have been reported between the abundance of specific 
bacterial phyla and species in distinct cancerassociated 
locations8,21,22 (FIG. 1; TABLE 1). However, most of these 
studies have a single patient cohort, and therefore cannot 
be used to make general predictions on the relationship 
between bacteria and cancer development, progression 
and therapeutic responses.

Treatment-associated shifts in the microbiome. It has 
been shown that certain anticancer therapies can cause 
shifts in the gut microbiome, which may then affect 
treatment outcome. For example, tumourbearing mice 
that were treated with the chemotherapeutic cyclo
phosphamide (CTX) demonstrated the translocation of 
Enterococcus hirae and Lactobacillus johnsonii through 
the intestinal barrier and into lymphoid organs16,23. 
Furthermore, injections of ipilimumab (an immune- 
checkpoint blockade monoclonal antibody that targets 
cytotoxic T lympho cyte protein 4 (CTLA4)) led to shifts 
in the gut micro biome in patients with melanoma. These 
alterations in the microbiome were associated with 
increased antimelanoma immunotherapeutic treatment 
efficacy but also with gastrointestinal toxicity in patients 
treated with ipilimumab24,25.

Importantly, both chemotherapeutics and immuno
therapeutics have been shown to lose their capacity to 
reduce tumour growth in germfree mice16,24,26,27. The 
negative effects of the removal of the microbiome are 
as substantial as those of eliminating cytotoxic T lym
phocytes (CTLs), which are protective in many types of 
cancer16,24,26,27. Importantly, in germfree animals, innate 
and adaptive immune responses (including tumour 
specific CTL responses) were reduced compared with 
littermates reared in specificpathogenfree conditions. 
Collectively, these observations suggest that the micro
biota is required for a functional host immune system, 
and that this may be linked to the capacity of the micro
biome to determine the activity of chemotherapeutic and 
immunotherapeutic agents.

Microbiome modifications and cancer
There are known associations between certain micro
biome profiles and the development and progression 
of cancer. Therefore, interventions that change the 
composition of the microbiome may affect oncogene
sis (FIG. 1). The microbiome can remain stable for years 
but also undergoes permanent changes in response to 
antibiotic treatment, pathogen exposure, fasting, altered 
dietary composition and other factors, such as cold 
stress or perturbations of diurnal rhythms28–30. In addi
tion, the microbiome has been reported to affect vari
ous traits that range from metabolism to mood31. Thus, 
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Faecal microbiota 
transplantation
The engraftment of microbiota 
from a healthy donor into a 
recipient, which results in the 
restoration of the normal gut 
microbial ecosystem.

Graft-versus-host disease
An immune attack of 
transplanted lymphocytes 
against host cells, which causes 
systemic disease following the 
transfusion of cells from a 
donor that has distinct 
histocompatibility antigens.

Probiotic
A live microorganism that can 
confer a health benefit to the 
host.

Prebiotic
A non-digestible food 
ingredient that stimulates the 
growth and activity of bacteria 
in the digestive system.

interventions on the microbiome remain an exciting 
prospect for many therapeutic areas, including cancer 
treatment.

Faecal microbiota transplantation. Faecal microbiota 
transplantation (FMT) is an experimental approach that 
involves exchanging the gut microbiota between indi
viduals. So far, FMT has been used to treat infection 
with Clostridium difficile and has been tested in the 
treatment of inflammatory bowel disease and obesity 
in humans29,32. Furthermore, FMT has been success
fully used in a clinical pilot study to treat graft-versus-
host  disease of the gut occurring after allogeneic stem 
cell transplantation33. Preclinical work in mice has sug
gested that FMT may reduce colorectal carcinogenesis34. 
However, it remains unclear whether FMT could reduce 
carcinogenesis and tumour progression in humans. 
Compared with other manipulations of the microbiome, 
FMT has the advantage of an entire, balanced ecosystem 
(BOX 1) being transferred from one individual to another, 
which increases the chance of obtaining a longterm 
reset of the microbiome.

Antibiotics. Epidemiological studies have suggested 
that repeated exposure to broadspectrum antibiot
ics predisposes humans to develop certain cancers11. 
The under  lying mechanisms are unknown; how
ever, they may range from defects in immunosurveil
lance (caused by irregularities in immunostimulatory 

bacterial products)11 to metabolic and endocrine abnor
malities35. This is evidenced by a study that suggested 
that antibiotic  induced changes in the microbiome 
may affect the metabolism of sex hormones, such as 
 oestrogen, thereby influencing the risk of breast cancer35.

The effects of antibiotic modulation of the micro
biome during cancer treatments are complex. Oral 
treatment with the antibiotic vancomycin, which mostly 
eliminates Grampositive bacteria, improves the out
come of cancer immunotherapy that targets CTLA4, 
presumably by inducing an expansion of immunogenic, 
Gramnegative bacteria of the order Bacteroidales at 
the expense of members of the Clostridiales24. The 
expanded population of bacteria in the Bacteroidales 
triggers type 1 T helper (TH1) immune responses, which 
increases the antitumour efficacy of CTLA4 blockade 
(FIG.  2). Conversely, vancomycin negatively affects 
the induction of cyclophosphamidetriggered anti
cancer immune responses in mice16. This suggests that 
antibiotic mediated effects are context dependent and 
can be either beneficial or harmful.

Gutresident bacteria can also produce toxins that 
have antimicrobial activity, providing them a selective 
advantage over other species36. It is possible that these 
natural antibiotics, which have narrow activity ranges 
(contrasting with clinically used broad spectrum anti
biotics), could be used to eliminate harmful micro
bial species37. However, this approach is far from 
preclinical evaluation.

A different approach may enable the modulation 
of the carcinogenic potential of the microbiome. One 
particular strategy may consist of the use of pharmaco
logical agents that block the production of potentially 
oncogenic bacterial products. For example, smallmol
ecule inhibitors can target the serine protease ClbP, 
which is required for the secretion of colibactin — a 
genotoxic, potentially oncogenic compound that is pro
duced by Escherichia coli38,39. Another strategy involves 
inhibiting bacterial enzymes that convert anticancer 
agents into toxic products. For example, inhibiting 
βglucuronidases (produced by E. coli, Bacteroides 
spp. and Clostridium perfringens) prevents the intesti
nal reactivation of inactive glucuronidated irinotecan 
metabolites, thereby preventing the generation of a 
toxic product40,41.

Therefore, although it seems advisable to avoid 
repeated exposure to broadspectrum antibiotics, it may 
be useful to rationally manipulate the composition of 
the microbiome using specific antibiotics, or probiotic or 
prebiotic formulations.

Prebiotics. Prebiotics induce the growth or activity of 
healthpromoting microorganisms in the gut42. Most of 
the literature focuses on natural dietary fibre, but pre
biotics can also be administered as chemically defined 
agents such as transgalactooligosaccharide and inulin.

Nondigestible polysaccharides, which are metabo
lized by bacteria to shortchain fatty acids (SCFAs), 
increase the abundance of Bifidobacterium spp.27 that 
reportedly reduce tumour growth, notably in the 
context of programmed cell death 1 (PD1) blockade. 

Box 1 | The gut microbiome as a complex ecosystem

The human gut microbiome is a dynamic and complex ecosystem that contains 
many different types of microorganism. Constant peristalsis moves portions of the 
microbiome through chemically distinct microenvironments. These range from a 
low pH environment in the stomach, to the bile salt-enriched jejunum and the 
alkaline surroundings of the colon. The dynamic and changing nature of the gut 
leads to variation in the density and composition of the microbiome along 
longitudinal117 and transverse gradients. As such, distinct micro-ecosystems 
reside in different locations of the gut, including the lumen, the mucosa and 
intestinal crypts118,119.

Similar to other complex ecosystems, the gut microbiome is characterized by 
intricate population dynamics. These are shaped by antagonistic relationships 
between species owing to competition for resources, predator–prey dynamics, 
chains of infection between bacteriophages, bacteria and eukaryotes, and the 
secretion of toxins by bacteria to inhibit or kill other bacteria. Secreted toxins are 
either soluble (and considered to be antibiotics) or are directly injected through 
secretion systems from one species into another120. In addition, distinct microbial 
species can cooperate with each other for mutual gains. This can occur by different 
species mediating distinct catabolic reactions required to digest mixtures of 
nutrients or by cross-feeding (one species produces metabolites that are required 
by another species). As well as interacting with other microorganisms, commensal 
bacteria interact with the human host, often by reducing unnecessary immune 
reactions52. To protect itself from systemic invasion by gut microorganisms, the host 
produces mucus that keeps bacteria at a safe distance from the gut epithelium. This 
mucus forms a tight, impenetrable structure in the colon and provides a platform for 
the diffusion of antimicrobial peptides (AMPs) and immunoglobulin A (IgA) in the 
small intestine52.

Together, anatomical diversification and complex antagonistic and cooperative 
population networks create a resilient ecosystem that can remain stable over several 
years121. However, major perturbations, such as treatment with broad-spectrum 
antibiotics, inflammation, infections and disease, as well as long-lasting changes in 
diet, may cause permanent changes in the ecosystem.
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Importantly, diets that incorporate nondigestible 
polysaccharides mediate antiinflammatory effects 
through SCFAs and reduce the risk of colorectal 
carcino genesis43. Intriguingly, nonabsorbable apple 
pro cyanidins decreased the Firmicutes/Bacteroidetes 
ratio and increased the proportion of Akkermansia 
muciniphila, while inhibiting dietinduced obesity in 
mice44. Whether these effects are linked to the anti
cancer properties of apples remains to be determined45. 
The use of pre biotics (such as oligofructose and inulin) 
as adjuvants to cytotoxic cancer drugs (such as anthra
cyclines, anti metabolites and vincaloids) increased 
the antitumour effects in, and the lifespan of, treated 
mice46,47. Further research is needed to confirm the use 
of prebiotics to change the microbiome and treat cancer.

The antidiabetes drug metformin, which could be 
classed as a prebiotic, has a cancerpreventive effect, 
which may be linked to its capacity to affect the compo
sition and function of the gut microbiome. Metformin 
extends the lifespan of Caenorhabditis elegans by inhib
iting methionine metabolism by commensal E. coli and 
affecting folate metabolism48. Furthermore, in mice, 
metformin can increase the abundance of A. mu ciniph‑
ila49. Further research is required to confirm whether the 
anticancer effects of metformin are caused by its ability to 
modulate the microbiome.

Caloric restriction. Caloric restriction extends the lifespan 
of model organisms and reduces the incidence of cancer 
in mice and nonhuman primates50. Caloric restriction 

Table 1 | Epidemiological associations between commensal microorganisms and cancer

Cancer 
type

Sample size Analysed 
specimen

Bacterial 
identification

Microbial composition 
alteration

Association Refs

HNSCC 19 cases,  
25 controls

Saliva and 
tumour 
samples

16S rRNA V3–V5 Streptococcus spp., Dialister 
spp., Veillonella spp., 
Neisseria spp., 
Aggregatibacter spp., 
Haemophilus spp. and 
Leptotrichia spp. 

Saliva samples had a higher abundance* 
of Streptococcus spp., Dialister spp. and 
Veillonella spp. Tumour samples had 
a lower abundance‡ of Neisseria spp., 
Aggregatibacter spp., Haemophilus spp. 
and Leptotrichia spp. 

12

ALL 51 cases,  
51 controls

Faeces 16S rRNA V1–V3 Anaerostipes spp., 
Coprococcus spp., Roseburia 
spp. and Ruminococcus spp.

Lower abundance‡ of all of these taxa 123

Pancreatic 
cancer

361 cases, 
371 controls

Oral wash 16S rRNA V3–V4 Porphyromonas gingivalis, 
Aggregatibacter  
actinomycetemcomitans 
and Leptotrichia spp.

Higher abundance* of Porphyromonas 
gingivalis and Aggregatibacter  
actinomycetemcomitans. Lower 
abundance‡ of Leptotrichia spp. 

124

CCA 28 Opisthorchis 
viverrini-
associated cases,  
32 O. viverrini-
non-associated 
CCA cases

Human bile 
duct tissue

16S rRNA V3–V6 Stenotrophomonas spp., 
Bifidobacteriaceae, 
Enterobacteriaceae 
and Enterococcaceae 
associated with O. viverrini 
fluke colonization

Higher abundance* of 
Stenotrophomonas spp. in 
O. viverrini-non-associated CCA

125

HPV- 
associated 
cervical 
cancer

340 cases,  
90 controls

Cervical 
mucus

16S rRNA V4 Lactobacillus iners and 
unclassified Lactobacillus 
spp.

Higher abundance* of L. iners and 
unclassified Lactobacillus spp.

13

Breast 
cancer

25 cases,  
23 controls

Nipple 
aspirated 
fluid

16S rRNA V4 Alistipes spp. and 
Sphingomonadaceae

Higher abundance* of Alistipes spp. 
Lower abundance‡ of an unclassified 
genus in the Sphingomonadaceae family

21

Biliary 
tract 
cancers

64 biliary cancer 
cases, 122 liver 
cancer cases, 
224 controls

Serum Serology: multiplex 
assay against 
15 Helicobacter pylori 
proteins

H. pylori Higher seropositivity for H. pylori in 
patients with cancer

126

Urothelial 
cancer

8 cases,  
6 controls

Urine 16S rRNA Streptococcus spp. Higher abundance* of Streptococcus spp. 
Higher abundance* of Pseudomonas spp. 
or Anaerococcus spp. when 
Streptococcus spp. abundance was low

127

Oral 
cancer

32 cases,  
35 controls

Oral cancer 
swab 
compared 
with mouth 
swab

16 sRNA V4 Streptococcus spp. and 
Rothia spp.

Lower abundance‡ of Streptococcus spp. 
and Rothia spp.

128

Lung 
cancer

8 cases,  
8 controls

Sputum 
and buccal 
samples

16S rRNA V1–V2 Granulicatella spp., 
Abiotrophia spp. and 
Streptococcus spp.

Higher abundance* of 
Granulicatella spp., Abiotrophia spp. and 
Streptococcus spp.

129

*Higher abundance in cases compared with controls. ‡Lower abundance in cases compared with controls. ALL, acute lymphoblastic leukaemia; CCA, 
cholangiocarcinoma; HNSCC, head and neck squamous cell carcinoma; HPV, human papillomavirus; rRNA, ribosomal RNA; V, variable region.
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Antibiotics
Probiotics
and 
prebiotics

c Therapeutic responsea Microbiota analysis

Cancer, diabetes, 
obesity and other 
diseases

Culturomics, 
metatranscriptomics
and metagenomics

b Strategies to modify the composition of the gut microbiota 

Positive selection of beneficial species in the microbiota 
or negative selection of harmful species in the microbiota

FMT Other
drugs

Caloric 
restriction

Autophagy
A mechanism of lysosomal 
degradation that enables the 
degradation and recycling of 
cytoplasmic material 
sequestered in 
autophagosomes.

Sarcopenia
The degenerative loss of 
skeletal muscle mass, quality 
and strength associated with 
ageing, frailty syndrome and/or 
cachexia.

Thymus atrophy
An age-dependent reduction in 
thymic mass that may be 
accelerated in pathological 
conditions.

TH17 cell
(T helper 17 cell). A CD4+ 
T helper cell induced by the 
coordinated action of 
transforming growth factor-β 
(TGFβ) and interleukin-6 (IL-6), 
to activate the transcription 
factor retinoid-related orphan 
nuclear receptor-γt (RORγt) 
and to produce IL-17 and 
IL-22.

Tr1 cells
(T regulatory type 1 cells) 
CD4+ T regulatory type 1 cells 
that produce large amounts of 
interleukin-10 (IL-10) through 
IL-10R signalling, and induce 
an anti-inflammatory response.

causes a reduction in the Firmicutes/Bacteroidetes ratio51, 
as well as the enrichment of A. muciniphila in humans49. 
In mice, starvation favours fucosylation of the intestinal 
epithelium, thus providing nutrients to commensal bac
teria and reducing the probability of pathogenic inva
sion52. Cyclic, shortterm fasting also improves anticancer 
immunosurveillance in mice, presumably through the 
induction of autophagy in malignant cells and by systemic 
immunostimulation53,54; it is unclear whether starvation 
induced changes in the composition or function of the 
microbiome contribute to these beneficial effects.

Microbial agents for cancer treatment
In 1946, a partially successful anticancer treatment attempt 
was made using intratumourally injected Streptococcus 
pyogenes and Serratia marcescens55. Since then, several 
microbial agents have been tested as cancer therapeutics 
in human and mouse preclinical models (TABLES 2,3). In 
1990, Mycobacterium bovis bacille Calmette–Guérin 
(BCG) was approved for the treatment of superficial blad
der cancer. After removal of the tumour, BCG is instilled 
into the bladder56, where it induces a local immune 
response that reduces the probability of relapse57,58.  
No other bacteria have reached clinical approval thus far.

Probiotics. Probiotics are live microorganisms that can 
confer health benefits. They reinforce natural defences, 
protect against gastrointestinal disorders and pathogens, 
and enhance innate and adaptive immunity. Several pro
biotics may mediate immunomodulatory and anti cancer 
activities in different contexts (FIG. 2). Thus far, it has not 
been determined whether potentially antineoplastic 
bacteria may be combined to create an ecosystem with 
broad antitumour activities.

Lactobacillus spp., which belong to the group of 
lactic acid bacteria, are prominent probiotic organ
isms. Numerous reports have shown that different iso
lates of Lactobacillus casei, Lactobacillus plantarum, 
Lactobacillus rhamnosus GG, and Lactobacillus acido‑
philus may mediate anticancer effects through vari
ous mechanisms, such as natural killer cell activation, 

dendritic cell maturation or probioticderived ferri
chrome (an ironscavenging peptide) release59–68. L. casei 
probioticderived ferrichrome may exert a cancerspecific 
tumoursuppressive effect through the apoptosis inducing 
JNK signalling pathway64. Furthermore, continuous 
administration of Lactobacillus reuteri strain ATCC
PTA6475 to tumourprone mice for several months 
reduces the frequency of intestinal pre cancerous lesions. 
L. reuteri also reduces sarcopenia and thymus  atrophy in 
ageing tumourfree mice, which suggests that it has a 
broad beneficial effect69.

Moreover, Prohep, a mixture of L. rhamnosus GG, 
E. coli Nissle 1917 and heatinactivated VSL#3, was 
orally administered to mice and prevented the progres
sion of subcutaneous hepatocellular carcinoma in mice 
by inducing potent antiangiogenic effects and redu
cing inflammation. Prohep shifted the composition of 
the gut microbial community towards Prevotella spp. 
and Oscillibacter spp., specifically enriching Bacteroides 
fragilis, Alistipes shahii, Parabacteroides distasonis and 
A. muciniphila species. These species were associated with 
a reduction of proinflammatory TH17 cell polarization 
and concomitant differentiation of anti inflammatory 
Treg cells (regulatory T cells) and/or Tr1 cells (T regula
tory type 1 cells) in the gut, as well as the  production of 
antiinflammatory metabolites70 (FIG. 2).

Immunotherapy using antibodies against inter
leukin10 receptor (antiIL10R) with CpG oligodeoxy
nucleotides was correlated with the overrepresentation of 
A. shahii in the faeces of mice with colon cancer (TABLE 3). 
Furthermore, the inoculation of antibioticpretreated 
mice with A. shahii improved the immuno therapeutic 
response against subcutaneous colon cancers. In this 
model, A. shahii increased the production of tumour 
necrosis factor (TNF) by intratumoural myeloid cells, 
and the neutralization of TNF abolished the therapeu
tic effect26. Thus, A. shahii may improve the response of 
innate immune cells to immunotherapy (FIG. 2).

Enterotoxigenic B. fragilis has been shown to elicit 
proinflammatory TH17 cells, thereby accelerating 
carcinogenesis in tumourprone mice71. However, 

Figure 1 | Interventions on the microbiota in cancer. a | Determining the composition of the microbiota in patients 
with cancer compared with healthy volunteers is becoming feasible with the development of metagenomics, 
metatranscriptomics and culturomics platforms. Data from these analyses can together build a picture of the microbiota 
in health and disease, and indicate which bacterial genera or species could be beneficial to patients. b | Interventional 
approaches that could modulate the microbiota in cancer include faecal microbiota transplantation (FMT), antibiotic 
regimens, prebiotic and/or probiotic formulations, other types of drug (such as the diabetes drug metformin) and 
dietary-based interventions, such as caloric restriction. c | The outcome of microbiota interventions can be evaluated by 
monitoring the response to standard cancer therapeutics. In addition, microbiota interventions may influence the 
outcome of other diseases, such as diabetes or obesity.
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nonenterotoxinproducing strains of B. fragilis may 
have anticancer properties in the context of antiCTLA4 
immunotherapy24. After blockade of this immune 
checkpoint, B. fragilis is overrepresented in the ileum 
and induces a T cell memory response. Importantly, 
antiCTLA4 immunotherapy fails to reduce the growth 
of subcutaneous sarcomas and colon cancers in germ
free or antibiotictreated mice. This defect can be over
come by treatment with B. fragilis and the adoptive 
transfer of CD4+ T cells that have been primed (that 
is, incubated with B. fragilispulsed dendritic cells). 

This mechanism could be explained by the observa
tion that B. fragilis can stimulate the production of 
IL12 by bone marrowderived dendritic cells in vitro24. 
Moreover, neutralization of IL12 prevented the antican
cer effects of B. fragilis in the context of CTLA4 block
ade in vivo. Interestingly, tumours from mice that were 
exclusively colonized with B. fragilis exhibited a more 
mature dendritic cell phenotype in the tumour infil
trate post immunotherapy compared with germfree 
control mice24. The cell wall of B. fragilis contains the 
immuno stimulatory polysaccharide A (PSA), which can 

Figure 2 | Potential immune mechanisms that explain the anticancer effects of probiotics. Probiotic microorganisms may 
shape the tumour microenvironment by inducing several effects described here. a | Prohep may induce a reduction of 
pro-inflammatory T helper 17 cells (TH17 cells) and the differentiation of regulatory T cells (Treg cells) to T regulatory  type 1 cells 
(Tr1 cells). b | In antibiotic-pretreated mice, Alistipes shahii increases the number of infiltrating innate immune cells against 
colorectal cancer by triggering tumour necrosis factor (TNF)-mediated necrotic cell death (NCD). c,d | Alternatively, 
microorganisms may act in secondary lymphoid organs, inducing splenic polyfunctional CD4+, CD8+ or γδ T cells, and 
bacteria-specific CD4+ TH1 or pathogenic TH17 (pTH17) cells23. Consequently, they modulate innate and adaptive immune 
responses in the tumour beds88. e,f | Following immune checkpoint blockades, Bifidobacterium spp. and Bacteroides fragilis 
promote maturing intratumoural dendritic cells and the production of interleukin-12 (IL-12) by bone marrow-derived 
dendritic cells, respectively, that allow the expansion of anticancer T cells. g | Lactobacillus reuteri also influences the 
expression of IL-22 by group 3 innate lymphoid cells (ILC3s) by the immunosuppressive tryptophan catabolite 
indole-3-aldehyde (iAid)122. Globally, these mechanisms enhance cancer antigen-specific cytotoxic T lymphocyte (CTL) 
responses and cancer immunosurveillance27. In this figure, cancer treatments are highlighted in red and cytokines are 
represented by coloured spheres. The green fields represent secondary lymphoid organs (SLO) and the red fields represent 
tumour microenvironments (TME). AHR, aryl hydrocarbon receptor; anti-IL-10R, anti-IL-10 receptor; CTLA4, cytotoxic 
T lymphocyte protein 4; CTX, cyclophosphamide; IFN, interferon; MHC II, major histocompatibility complex class II; ODN, 
oligodeoxynucleotides; PDL1, programmed cell death 1 ligand 1; Tc1, type 1 CD8+ T; TLR4, Toll-like receptor 4; Trp, tryptophan.  

R E V I E W S

6 | ADVANCE ONLINE PUBLICATION www.nature.com/nrmicro

©
 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved. ©

 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.



activate dendritic cells72,73. However, it remains unclear 
whether PSA alone would be as efficient as B. fragilis at 
 stimulating an anticancer response (FIG. 2).

In addition to B. fragilis, the Burkholderia cepacia 
population expands in the ileum of antiCTLA4treated 
mice. B. cepacia also stimulates IL12 production by 
dendritic cells in vitro. When combined with B. fragilis, 
B. cepacia can mediate an additive anticancer effect in 
the context of CTLA4 blockade24.

Barnesiella intestinihominis is preferentially found in 
the proximal colon and is overrepresented after chemo
therapy with CTX. The colonic colonization of B. intes‑
tinihominis is inhibited by the PRR nucleotidebinding 
oligomerization domain 2 (NOD2), which recognizes 
bacterial peptidoglycans. Indeed, CTX is more effective 
in Nod1−/−Nod2−/− mice, which have a microbiota abun
dant in members of the Porphyromonadaceae, including 

B. intestinihominis. Furthermore, tumourbearing wild
type mice that were monoassociated with B. intestini‑
hominis had more polyfunctional CD4+, CD8+ or γδ 
T cells in the spleen and the tumour bed. In addition, 
these B. intestinihominis‑fed mice had more interferonγ 
(IFNγ)producing γδ T cells at the expense of immuno
suppressive IL17producing γδ T cells, thus facilitat
ing anticancer immunity. Finally, CTX in combination 
with B. intestinihominis reduces cancer growth in mice 
through a pathway that involves TH1 cells, type 1 CD8+ 
T cells (Tc1 cells), TNF and IFNγ23 (FIG. 2).

During CTXbased chemotherapy, E. hirae trans
locates from the proximal small intestine to lym
phoid organs; this effect is more pronounced in 
NOD2deficient mice23. In mice, E.  hirae induces 
TH17 and TH1 CD4+ T cells16 and stimulates tumour 
specific CD8+ T  cells but reduces the numbers of 

Table 2 | Bacteria that have putative anticancer properties in humans

Bacterial species Cancer type Interventions and outcomes Refs

Streptococcus pyogenes and 
Serratia marcescens

Osteosarcoma Coley’s toxins: injection of S. pyogenes and 
S. marcescens in patients with sarcoma, 
with some evidence of objective response

55

Mycobacterium bovis
BCG

Urothelial superficial 
cancers

Intravesical treatment of a live attenuated 
form of M. bovis reduces the risk of short- 
and long-term relapse

130

Lactobacillus casei str. Shirota
(found in the fermented milk 
product Yakult)

Superficial bladder cancer Immune-mediated effects (by NK cells 
and macrophages) and decreased 
tumour recurrence (except with multiple 
secondary tumours)

131–133

IMM-101 (heat-killed 
Mycobacterium obuense; 
NCTC 13365) with 
gemcitabine

Melanoma and advanced 
pancreatic ductal 
adenocarcinoma

Activation of APCs, granulocytes and 
γδ T cells. Increased survival in metastatic 
disease in a randomized phase II trial

134,135

Live-attenuated Listeria 
monocytogenes expressing 
mesothelin (CRS-207) with 
GVAX-cyclophosphamide

Advanced pancreatic ductal 
adenocarcinoma

Priming of mesothelin-specific CTLs, loss 
of regulatory T cells and tertiary lymphoid 
organ formation, and increased overall 
survival

136

IL-13–PE: recombinant 
cytotoxin consisting of human 
IL-13 and PE

Adrenocortical carcinoma Majority of patients produce neutralizing 
antibodies against IL-13–PE within 
2–3 weeks

137

IL-4–PE: chimeric fusion 
protein composed of IL-4 
and PE

Astrocytoma Phase I trial: no systemic complications, 
median survival of 8.2 months and 
evidence of necrosis on MRI scans in 
several patients

138

Attenuated strain of 
Salmonella enterica subsp. 
enterica serovar Typhimurium: 
VNP20009

Metastatic melanoma and 
refractory solid tumours

Phase I trial of intravenous infusion of 
S. Typhimurium led to inflammation, DC 
and T cell activation and evidence of 
bacterial tumour colonization; however, 
there was no tumour regression

139,114

TAPET-CD: an attenuated 
Salmonella bacterium that 
expresses the Escherichia coli 
cytosine deaminase gene

Head and neck squamous 
cell carcinoma or 
adenocarcinoma of the 
oesophagus

Evidence of bacterial colonization and 
confirmation of the conversion of 5-FC 
to 5-FU in 2 out of 3 tumours

140

Genetically modified 
Corynebacterium diphtheriae: 
Tf-CRM107 is a conjugate of 
transferrin and a point mutant 
of diphtheria toxin

Malignant brain tumour MRI scans showed regression of tumour 
volume in 9 out of 15 patients with no 
evidence of severe local or systemic 
complications at low dose

141

5-FC, 5-fluorocytosine; 5-FU, 5-fluorouracil; APC, antigen presenting cell; BCG, bacille Calmette–Guérin; CTLs, cytotoxic T 
lymphocytes; DC, dendritic cell; IL, interleukin; MRI, magnetic resonance imaging; NK, natural killer; PE, truncated form of 
Pseudomonas exotoxin A.
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Table 3 | Bacteria that have putative anticancer properties in experimental models

Bacterial species Cancer type Interventions and biological effects Refs

Animal preclinical data

Clostridium novyi
C. novyi non-toxic strain spores

Orthotopic F98 rat glioma and 
dogs with spontaneous solid 
tumours

Intratumoural injections led to tumour haemorrhagic necrosis, lysis 
and regression

142

Lactobacillus casei Orthotopic and transplantable 
bladder tumours and their 
metastases

Oral or intravesical injection of dead or alive bacteria increased the 
levels of IFNγ and the recruitment of neutrophils

143–145

Lactobacillus rhamnosus GG Bladder tumours Weekly intravesical instillations directed chemokine and/or cytokine 
release, recruitment of NK cells and direct cytotoxic effects on cell 
lines ex vivo

146,147

Alistipes shahii MC38 colon cancer Gavage after antibiotic treatment increased the production of TNF 
by intratumoural myeloid cells

26

Bacteroides fragilis and 
Burkholderia cepacia

MCA205 sarcomas and MC38 
and CT26 colon cancers

Oral gavage of B. fragilis stimulated the production of IL-12 by bone 
marrow-derived DCs in vitro. The mechanism of B. cepacia remains 
unknown

24

Prevotella spp. and Oscillibacter 
spp.

Subcutaneous hepatocellular 
carcinoma

Oral administration of Prohep, a probiotic mixture, altered the 
microbiota and reduced tumour growth

70

Enterococcus hirae and Barnesiella 
intestinihominis

Sarcoma Bacterial translocation: induction of TH1 cells and pathogenic 
TH17 cells, intratumoural regulation of Treg cells and IFNγ-producing 
γδ T cells, respectively

23

Bifidobacterium longum and 
Bifidobacterium breve

Melanoma Oral gavage led to the activation of DCs and an increased frequency 
of tumour-specific CTLs

27

Lactobacillus casei str. Shirota MCA induced cancer L. casei str. Shirota mixed into mouse diet delayed carcinogenesis 
through enhancement of NK cell cytotoxicity

148

Lactobacillus casei ATCC334 Colon cancer SW620 cells 
(Caco2 in vitro)

Secretion of ferrichrome, which induces JNK-associated induction 
of DNA damage-inducible transcript 3. Enhanced apoptosis of colon 
cancer cells

64

Lactobacillus casei BL23 DMH-associated colorectal 
cancer

Oral administration of L. casei BL23 led to differentiation of T cells 
towards a TH17-biased immune response (with the secretion of IL-6, 
IL-17, IL-10 and TGFβ)

65

Lactobacillus acidophilus CRC ApcMin/+ Daily administration of yogurt formulation decreased overall 
intestinal inflammation

149,150

Bifidobacterium lactis and RS Colorectal rat-azoxymethane 
model

The addition of RS to the diet and bacteria induced apoptosis in 
tumour cells at the time of cancer initiation

151

Antibiotic-induced loss of 
members of the Firmicutes and 
Bacteroidetes phyla; gain of 
members of the Proteobacteria

LLC and B16F10 lung 
metastases

Microbiota modifications following antibiotic treatment induced the 
loss of γδ T cells producing IL-17A

152

Bacillus polyfermenticus and its 
culture medium

HT-29, DLD-1, Caco2 human 
colon cancer in mice

Cyclin D1 expression required for ErbB-dependent cell 
transformation was decreased by culture medium injections near 
the tumour sites

153

In vitro studies

Propionibacterium freudenreichii Human colon adenocarcinoma 
HT-29 cells

Production of SCFAs, which induced pH-dependent differential cell 
death processes

154

L. acidophilus and L. casei LS513 colorectal cancer 
cell line

Sensitization of colorectal cancer cells to 5-FU-induced apoptosis 67

Enterococcus faecium RM11 and 
Lactobacillus fermentum RM28

Caco2 cell lines Antiproliferative effects on CRC cells 155

Lactobacillus delbrueckii CU/22 HT-29 cell line; probiotic 
supernatant

Apoptosis and necrosis through the production of bacterial 
hydrogen peroxide and superoxide radicals

156

L. acidophilus 606 HT-29 colon cancer line Cell-bound exopolysaccharides induced the activation of 
autophagic cell death promoted directly by the induction of beclin 1 
and GRP78

157

B. lactis Bb12 and L. rhamnosus GG Caco2 cancer cell line Induced apoptosis through the mitochondrial route 158

L. acidophilus and L. casei LS513 colorectal cancer cell line Sensitized colorectal cancer cells to 5-FU-induced apoptosis 67

5-FU, 5-fluorouracil; Apc, adenomatous polyposis coli; CRC, colorectal cancer; CTLs, cytotoxic T lymphocytes; DCs, dendritic cells; DMH, 1,2-dimethylhydrazine; 
IFNγ, interferon-γ; IL, interleukin; JNK, JUN N-terminal kinase; LLC, Lewis lung carcinoma; Min, multiple intestinal neoplasia; NK, natural killer; RS, resistant starch; 
SCFA, short-chain fatty acid; TGFβ, transforming growth factor-β; TH, T helper; TNF, tumour necrosis factor; Treg, regulatory T.
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immunosuppressive intratumoural Treg cells and 
IL17producing γδ T cells23. Monoassociation of 
antibiotictreated mice with E. hirae improved tumour 
shrinkage induced by CTX; this effect was blocked by 
treatment with CD8+ T celldepleting or IFNγdepleting 
antibodies, which suggests that it was immune 
mediated23. At present, it is not known whether E. hirae 
can synergize with B.  intestinihominis during CTX 
 treatment to enhance treatment efficacy (FIG. 2).

Members of the Bifidobacteriales, which are abun
dant in some dairy products and are naturally found 
in the colon, have been associated with immune health 
in humans. Members of the Bifidobacteriales were abun
dant in mice that exhibited reduced growth of trans
plantable melanomas and improved CTLmediated 
immuno surveillance27. Transfer of Bifidobacterium breve 
or Bifidobacterium longum into Bifidobacterialesfree 
mice was sufficient to reduce melanoma growth and 
restore antimelanoma CTL responses. Furthermore, 
B. breve and B. longum stimulated dendritic cell mat
uration, which may enable dendritic cell priming of 
tumourspecific CTLs. In mice that carried B. breve or 
B. longum, CTLinfiltrated tumours responded  better 
to immunotherapy than the tumours of sterile or 
 Bifidobacterialesfree mice27 (FIG. 2).

Thus, identifying bacterial species that mediate anti
cancer effects could support the development of wild
type or genetically modified mixtures of probiotics, or 
pharmacological agents that mimic their presence, for 
the treatment of cancer.

Genetically modified bacteria. Synthetic engineer
ing of bacteria enhanced the tumoricidal effects of 
 5fluorouracil (5FU) in a model of liver metastases 
of colorectal cancers. The bacteria were orally delivered 
to mice and colonized liver metastases. A synchronized 
lysis cycle of the bacteria based on quorum sensing 
feedback loops enabled Salmonella enterica subsp. 
enterica serovar Typhimurium to deliver 5FU in pul
satile cycles74. Anaerobic bacteria can invade necrotic 
tumours, which have an anaerobic environment and 
in which chemotherapy efficacy is limited owing to 
the low vascular supply. Hence, bacterial engineering 
can increase the anticancer effect of 5FU in mouse 
models. However, complete tumour eradication was 
not achieved with this strategy, unless combined with 
immunotherapy or other anticancer agents74. Clinical 
trials are warranted in patients to test this unique way 
to deliver drugs to  avascular sites that are resistant to 
conventional treatment.

Cancer-modulating microbial products
Bacteria produce various molecules that may affect 
the survival and growth of cancer cells, or that mod
ulate anticancer immunosurveillance. These include 
bacterial toxins that have direct anticancer properties, 
ligands of PRRs that affect the immune response and 
metabolites that affect host metabolism (FIG. 3). There is 
no clear distinction between the latter two categories, as 
some metabolites can act on PRRs; this has been demon
strated for phenazines from Pseudomonas aeruginosa 

and phthiocol from Mycobacterium tuberculosis, which 
act on aryl hydrocarbon receptor (a PRR that functions 
as a transcription factor)75, and for Nacetylglucosamine 
(a sugar subunit of bacterial peptidoglycan), which acts 
on the hexo kinase PRR to activate inflammation76.

Bacterial toxins. Bacteria produce different toxins and 
antibiotics, which allow them to compete with other 
microorganisms52. Bacterial toxins may have direct anti
cancer effects, as illustrated for anthracyclines produced 
by Streptomyces spp.77 (FIG. 3). Indeed, anthracyclines, 
including doxorubicin, are widely used in anticancer 
chemotherapy and can induce immunogenic cell death, 
thereby stimulating anticancer immune responses78. 
However, it remains to be determined whether toxins 
are produced by intestinal bacteria at doses high enough 
to mediate such anticancer effects.

Bacterial toxins — including the colicins — are often 
peptides with amphipathic βhelices that contain cat
ionic charges, which allow the toxin to lyse nonpro
tected bacterial membranes. Importantly, structurally 
similar oligopeptides, such as LTX315 (FIG. 3), can be 
synthesized and used to kill cancer cells by lysing mito
chondria79. Interestingly, synthetic, bacterial toxinlike 
mitochondriontargeted amphipathic peptides can also 
be fused with motifs that target surface proteins spe
cifically expressed by tumour epithelial and vascular 
endothelial cell membranes, such as GRP78 and IL11R. 
These peptides can mediate antitumour effects in pre
clinical models and reach their cellular targets in patients 
with cancer80,81. Further research is required to elucidate 
whether they induce therapeutically relevant anti
cancer effects through the stimulation of  immunogenic 
cell death.

Ligands of PRRs. PRRs mostly recognize pathogen 
associated molecular patterns (PAMPs), although they 
may also have endogenous ligands. One wellknown 
PAMP is bacterial lipopolysaccharide (LPS), a major 
component of the outer membrane of Gramnegative 
bacteria, which interacts with TLR4. LPS can stimu
late inflammatory responses when bacteria enter the 
systemic circulation through breaches in the intesti
nal barrier. This can occur after cancer treatment with 
radiation therapy, and may improve the inhibition of 
tumour growth by activating T cells82. TLR4 is also 
thought to be fundamental for the anticancer effects 
of BCG83 (FIG. 3). PAMPs can be used as vaccine adju
vants to elicit an immune response against viruses 
that can cause cancer. For example, monophospho
ryl lipid A (MPL), a derivative of Salmonella enterica 
subsp. enterica serovar Minnesota LPS, is approved as 
an adjuvant in a peptidebased vaccine that is specific 
for cervical carcinoma associated strains of human pap
illomavirus84. In addition, synthetic PRR ligands can be 
produced as immunesystemmodulating cancer ther
apeutics. For example, imiquimod, a synthetic agonist 
of TLR7 (FIG. 3), is approved for the treatment of actinic 
keratosis, which is a superficial basal cell carcinoma. 
However, it is unclear whether imiquimod acts directly 
through TLR7 or has TLR7independent effects85.
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a  Toxins b  PAMPs c  Metabolites

Streptomocyes spp. LTX-315

Doxorubicin

ICD NCD

Antitumour immunity

BCG Imiquimod

TLR2, TLR4 and TLR9 TLR7

Immune system 
activation, 
autophagy and 
apoptosis

• CpG: TLR9 
• MPL: TLR4 
• PolyI:C: TLR3

Lysis of mitochondria 

Vitamins Polyamines

Pyridoxine

Apoptosis of cancer cells

Spermidine

Autophagy

Secondary bile acids

LFD

DCA SASP HCC

Butyrate

HDACs

Proliferation

Apoptosis

Short-chain fatty acids

Inflammation
(γδT1-Tc1)

Ectopic expression
Enforced expression of a gene 
product, triggered by somatic 
mutation or genetic 
manipulation.

Intestinal crypts
Tube-like glands found in the 
lining of the colon and rectum.

Beyond these approved agents, several PRR ligands 
have been evaluated in preclinical and clinical trials 
for their capacity to stimulate the immune system86 
(TABLE 2). It is unclear whether PRR agonists will mediate 
immunostimulatory anticancer effects with acceptable 
side effects. However, malignant cells can acquire the 
ectopic expression of PRRs; for example, breast cancers 
can express TLR4 or nonsmallcell lung cancers can 
express TLR7 (REFS 87,88). In such cancers, PRR ligands 
will induce cancer cell proliferation.

Bacterial metabolites. The microbiota has a key role in 
human metabolism; approximately 50% of metabolites 
in the plasma are estimated to have a bacterial origin89. 
The gut microbiome synthesizes all SCFAs and sec
ondary bile acids, polyamines and vitamins. Bacterial 
metabo lites may affect cancer development and the 
efficacy of antineoplastic therapies.

SCFAs, mostly acetate, butyrate and propion
ate, are produced in the colon from dietary fibre and 
poly saccharides. Specifically, SCFAs are generated by 
Clostridium clusters IV and XIVa in the Firmicutes 
phylum, including species in the genera Eubacterium, 
Roseburia, Faecalibacterium and Coprococcus. Locally, 
SCFAs, particularly propionate and butyrate, favour the 
differentiation and accumulation of Treg cells, thereby 
mediating antiinflammatory effects90–92.

Among the SCFAs, only acetate is present at high 
concentrations in the systemic circulation of rodents and 
humans93. Importantly, acetate can support the growth 

of several human cancer types, including glioblastoma, 
breast, ovarian and lung cancers. Cells from these types 
of cancer express the nucleocytosolic acetylCoA syn
thetase enzyme, ACSS2, which converts  acetate into 
acetylCoA94–96. This fuels anabolic reactions, which are 
favoured by cancer cells. In contrast to acetate, butyrate 
and propionate inhibit histone deacetylases (HDACs) 
(FIG. 3) and act as agonists of several G protein coupled 
receptors, which has an oncosuppressive effect. Butyrate 
induces apoptosis in colorectal cancer and lymphoma 
cells97,98. Furthermore, butyrate has negative effects on 
the proliferative and regenerative potential of colon stem 
cells, which are located at the bottom of intestinal crypts. 
Usually, butyrate does not reach these cells because it 
provides fuel for colonocytes that line the crypt99. This 
suggests that the carcinogenesis associated disruption 
of crypt architecture might facilitate butyratemedi
ated inhibition of colonic cancer stem cells, which arise 
from colonic stem cells. By contrast, butyrate causes 
hyperproliferation of colon epithelial cells in a genet
ically unstable mouse model100. However, in humans, 
several studies have indicated that patients with colorec
tal  cancer have a decreased abundance of butyrate 

producing bacteria compared with healthy controls101. 
Moreover, metabolomic analyses indicate that a diet 
that decreases the risk of cancer also increases the 
faecal concentration of butyrate and propionate102. In 
addition, butyrateproducing Clostridia strains reduce 
graft versushost disease in the gut induced by allo
geneic bone marrow transplantation. This effect has 

Figure 3 | Anticancer effects of bacterial products. Microbial agents can produce several molecules that affect the survival 
and growth of cancer cells or modulate anticancer immunosurveillance. a | Such products include bacterial toxins, such as 
those produced by Streptomocyes spp. and LTX-315, which induce immunogenic cell death (ICD) and necrotic cell death 
(NCD), respectively. b | Agonists of Toll-like receptors (TLRs) are already used in the clinic and demonstrate evidence of both 
immune activity and antitumour effects. Intravesical instillation of bacille Calmette–Guérin (BCG), a ligand of several TLRs, 
triggers local immune responses. In addition, imiquimod acts on TLR7 and promotes autophagy. c | Bacteria-derived 
metabolites such as butyrate and pyridoxine (also known as vitamin B6) trigger cancer cell apoptosis. Secondary bile acids 
contribute to hepatocellular carcinoma (HCC) carcinogenesis. Increased intake of polyamines, such as spermidine, increases 
anticancer immunosurveillance through autophagy. DCA, deoxycholic acid; HDACs, histone deacetylases; LFD, low-fat diet; 
MPL, monophosphoryl lipid A; PAMPs, pathogen-associated molecular patterns; SASP, senescence-associated secretory 
phenotype; Tc1, type 1 CD8+ T.
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been correlated with improved intestinal epithelial cell 
junction integrity and reduced apoptosis103, which may 
be mediated by butyrate.

Together, these results suggest that acetate is a poten
tial oncometabolite, whereas butyrate may participate 
in contextdependent tumour suppression. It might 
be worthwhile to explore measures to increase colonic 
butyrate (and decrease acetate) production, such as feed
ing butyrogenic dietary fermentable carbohydrates102 
or providing specific butyrogenic bacteria104 for the 
 prevention or treatment of cancer.

Bacteria, such as members of the Clostridium clusters 
XI and XIVa, which expand in the context of obesity, 
can convert primary bile acids (such as chenodeoxy
cholic acid and cholic acid) into secondary bile acids 
(such as lithocholic acid and deoxycholic acid); these 
secondary bile acids have potential DNAdamaging 
and hence carcinogenic effects. Secondary bile acids 
also have an increased affinity for bile acid receptors, 
which can affect host metabolism at multiple levels. In 
addition, secondary bile acids can affect the composi
tion of the gut microbiota either directly or indirectly 
through immune activation105. Preclinical research has 
been undertaken to evaluate measures that reduce the 
production of secondary bile acids by the microbiome 
for oncosuppressive effects. This can be achieved by 
either a lowfat diet or by pharmacological inhibition 
of the microbial conversion of primary to secondary 
bile acids with difructose anhydride III (FIG. 3). Both 
interventions prevent hepatic oncogenesis in a mouse 
model106, although it remains to be determined whether 
they have a beneficial effect with nonhepatic cancers. 
The incidence of overall human mortality can be cor
related with the dietary consumption of the polyamines 
spermidine and spermine107; however, a substantial pro
portion of polyamines are produced by the gut micro
biome. In mice, and other model organisms, spermidine 
can enhance longevity108, suppress cardiac ageing107 
and augment anticancer immunosurveillance53. These 
effects are mediated by the induction of autophagy in 
target cells, potentially through inhibition of the EP300 
acetyltransferase53,107 (FIG. 3).

Interestingly, the probiotic strain Bifidobacterium 
animalis subsp. lactis LKM512, which increases intesti
nal luminal polyamine concentrations, can enhance the 
longevity of mice109. This effect was particularly strong if 
LKM512 was combined with arginine, which is the com
mon precursor of polyamines, which suggests that the 
effect was mediated by these metabolites109. Low expres
sion of enzymes related to polyamine transport has been 
linked to an increased risk of developing colitis follow
ing ipilimumab treatment in patients with melanoma25. 
It will be interesting to further explore specific pro biotic 
and prebiotic interventions on polyamine metabolism 
with respect to their effects on the development of can
cer. Vitamins cannot be synthesized in sufficient quan
tities by human cells, which means that they must be 
provided by the diet or synthesized by the gut micro
biota. In particular, the human gut microbiome can 
synthesize at least eight B vitamins: biotin, cobalamin, 
folate, niacin, pantothenate, pyridoxine (also known as 

vitamin B6), riboflavin and thiamin110. Low expression 
of enzymes that are involved in the biosynthesis of sev
eral B vitamins is associated with colitis following ipili
mumab treatment for melanoma25. Whether vitamins 
influence anticancer immunosurveillance has not yet 
been investigated. However, it is known that pyridoxine 
stimulates anticancer immunosurveillance in the context 
of cisplatinbased chemotherapy against nonsmallcell 
lung cancer111,112 (FIG. 3). Therefore, it may be interesting 
to explore the therapeutic use of probiotics that produce 
pyridoxine113.

In addition, the intestinal microbiota may affect 
vitamin metabolism in the host. Human ulcerative 
colitis, ulcerative colitisassociated colorectal cancer 
and sporadic colorectal cancer are characterized by the 
increased local expression of enzymes that catabolize all
trans retinoic acid (atRA), which may be associated with 
microbiotainduced intestinal inflammation114. Notably, 
an external supply of atRA can reduce the tumour bur
den in colitisassociated colorectal cancer in mice115. This 
suggests that this vitamin A derivate could be useful in 
the prevention or treatment of colorectal cancer.

Conclusions and outlook
Over the past decade, it has become increasingly clear 
that most, if not all, major disease categories should be 
studied in the context of the microbiome. The micro
biota can have a major effect on the formation and pro
gression of cancer, and may even influence the outcome 
of chemotherapies and immunotherapies. Although 
most of these effects are mediated by indirect effects on 
immunosurveillance, they also may involve the direct 
effects of microbial products — such as carcinogens, 
cytotoxic agents and metabolites — on cancer cells 
through various processes. These could range from 
mutagenesis to epigenetic modulation, stimulation 
of receptors on host cells, and effects on anabolic and 
 catabolic pathways.

This implies that optimal preclinical modelling 
of oncogenesis, tumour progression and therapeu
tic responses should include the standardization of 
the microbiome (rather than the use of mice carrying 
vari able microbiota). Furthermore, mouse ‘humani
zation’ with patientderived cancers and immune cells 
could be combined with FMT to create a model that 
unites the patient’s neoplastic cells, immune system and 
microbiome.

It seems plausible that progress in the functional 
exploration of patientderived microbiomes, coupled 
with improved preclinical models will enable the devel
opment of four new types of anticancer intervention. 
Each one of these therapies could be used as a stand
alone treatment or in combination with other therapeu
tic measures (such as cytotoxic chemotherapies, targeted 
therapies or immunotherapies): first, orally administra
ble microorganisms (probiotics) that can be natural or 
genetically manipulated74 given alone, in combination 
or perhaps even as an entire microbial ecosystem; sec
ond, specific dietary or drugbased interventions that 
favour the expansion of beneficial microorganisms, act
ing either on endogenous bacteria or on administered 
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probiotics (thus creating ‘synbiotics’); third, drugs that 
specifically target microbial enzymes that generate 
harmful toxins and metabolites; and fourth, the admin
istration of microbial products that have anticancer 
properties.

It should be noted that live microorganisms raise 
safety concerns, particularly if they are genetically 
modified. This is because of their potential pathogeni
city and the possibility of acquiring antibiotic resistance 
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