
Nature Reviews Clinical Oncology | Volume 20 | October 2023 | 697–715 697

nature reviews clinical oncology https://doi.org/10.1038/s41571-023-00803-9

Review article  Check for updates

Towards modulating the gut 
microbiota to enhance the efficacy 
of immune-checkpoint inhibitors
Rebecca C. Simpson1,2,3, Erin R. Shanahan3,4, Richard A. Scolyer1,2,3,5 & Georgina V. Long    1,2,3,6 

Abstract

The gut microbiota modulates immune processes both locally and 
systemically. This includes whether and how the immune system reacts 
to emerging tumours, whether antitumour immune responses are 
reactivated during treatment with immune-checkpoint inhibitors (ICIs), 
and whether unintended destructive immune pathologies accompany 
such treatment. Advances over the past decade have established 
that the gut microbiota is a promising target and that modulation of 
the microbiota might overcome resistance to ICIs and/or improve the 
safety of treatment. However, the specific mechanisms through which 
the microbiota modulates antitumour immunity remain unclear. 
Understanding the biology underpinning microbial associations with 
clinical outcomes in patients receiving ICIs, as well as the landscape of 
a ‘healthy’ microbiota would provide a critical foundation to facilitate 
opportunities to effectively manipulate the microbiota and thus 
improve patient outcomes. In this Review, we explore the role of diet 
and the gut microbiota in shaping immune responses during treatment 
with ICIs and highlight the key challenges in attempting to leverage 
the gut microbiome as a practical tool for the clinical management of 
patients with cancer.
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in the development of a variety of immune-driven diseases throughout 
the body, including inflammatory bowel disease, asthma, allergies, dia-
betes and some cancers16–18. It is therefore likely that the gut microbiota 
also influences the susceptibility to developing severe autoimmune or 
autoinflammatory irAEs following treatment with ICIs.

The demonstrated systemic effects of the gut microbiota in shap-
ing immune responses11,12,15 indicate that an individual’s ‘baseline’ 
microbial community is not only fundamental to immune homeosta-
sis, but is also likely to influence tumour immunosurveillance, how an 
individual will respond to ICIs, and whether unintended destructive 
immune pathologies will accompany treatment with such agents. 
Diet is a key environmental factor that shapes the composition and 
function of the gut microbiota. Diet is closely linked to the capacity 
of the microbiota to maintain intestinal barrier integrity and regu-
late immune homeostasis. In this Review, we discuss diet–microbiota 
interactions and their implications for immune function, antitumour 
immunity and responses to ICIs, along with strategies for modulating 
the gut microbiota that might improve the activity of these agents.

Antitumour immunity and ICIs
The immune system has a protective role against the development of 
tumours; however, tumour cells can acquire the ability to evade detec-
tion by the immune system, leading to failures in immunosurveillance 
and ultimately tumour growth and progression19,20. ICIs that target PD-1, 
PD-L1 or CTLA4 aim to ameliorate tumour-induced immunosuppres-
sion by removing the suppression of cellular antitumour immunity 
mediated by these checkpoints and their ligands. In patients with a 
response to ICIs, reversing these effects enables reactivation of the 
antitumour immune response followed by clearance of tumour cells 
by the immune system21.

Several tumour-intrinsic parameters, including baseline tumour 
cell PD-L1 expression, neoantigen load, a pre-existing IFNγ signature 
and the presence of tumour-infiltrating lymphocytes, are predictive of 
a response to ICIs22–27. These features are a function of a ‘T cell inflamed’ 
microenvironment and indicate pre-existing antitumour immunity, 
despite ongoing suppression of tumour-specific T cell function26–28. 
Development of this antitumour immune ‘awareness’ is also dependent 
on several tumour-extrinsic factors, such as the functional capacity of 
the immune system itself, which is governed by host and environmental 
factors including germline genetics, the gut microbiota and diet29. 
Thus, the immune system of some individuals is better primed to 
respond to their tumour upon reactivation of cell-mediated antitumour 
immunity following treatment with ICIs.

Treatment with one or more ICIs poses a fundamental challenge 
to immune regulation. This challenge explains the propensity for 
ICI-associated irAEs that occur owing to the reactivation of self-reactive 
immune cells in non-malignant host tissues30–32. These inflammatory 
processes are not only debilitating for patients but can also influ-
ence the effectiveness of ICIs, sometimes resulting in patients having 
to discontinue or even cease treatment and/or requiring immuno-
suppression. Therefore, not all inflammation is necessarily beneficial 
for antitumour immunity and the type that is induced is likely to be 
highly relevant. For example, aberrant exposure to microbial prod-
ucts might drive polarization towards T helper 2 cell (TH2) and TH17 
responses, rather than towards TH1 responses that enable optimal 
tumour clearance, and might therefore be counterproductive15,21. Fun-
damentally, the ideal microbial state for an effective immune response 
during treatment with ICIs is one that facilitates a balance between 
immune stimulation that promotes tumour clearance and immune 

Key points

 • Growing evidence supports a role for the gut microbiota in shaping 
both antitumour immune responses and the development of toxicities 
during treatment with immune-checkpoint inhibitors (ICIs).

 • Targeting the gut microbiota provides a potentially powerful tool 
to overcome resistance to ICIs and/or to reduce the risk of severe 
toxicities.

 • Interindividual microbial heterogeneity poses a major challenge 
to the study of the microbiota across human populations and to the 
translation of microbial findings into the clinic.

 • Interventions designed to modulate the microbiota could have 
profound effects in augmenting the effectiveness of ICIs in a subset 
of patients, although this strategy is unlikely to be uniformly effective; 
identifying which patients will benefit is an important step.

 • A personalized approach guided by a patient’s baseline gut 
microbiota, systemic immune parameters and tumour characteristics 
will be important in order to optimally target the microbiota and thus 
improve the outcomes of patients receiving ICIs.

Introduction
The role of the immune system in immunosurveillance and the con-
trol of tumour growth is now well established. Tumour growth and 
progression are often associated with a dysfunctional or exhausted 
antitumour immune response, in which upregulation of inhibitory 
mole cules such as immune checkpoints or immunosuppressive 
cytokines/chemokines restrict the antitumour activity of leukocytes1. 
A range of immune inhibitory molecules are therefore key therapeutic 
targets. Immune-checkpoint inhibitors (ICIs) targeting PD-1, PD-L1 or 
CTLA4 are established as effective treatments for many patients with 
cancer, particularly those with advanced-stage melanoma, renal cell 
carcinoma (RCC) and non-small-cell lung cancer (NSCLC)2–6. Even with 
the most effective immunotherapeutic strategy available to date, the 
combination of ICIs targeting PD-1 and CTLA4, just over 40% of patients 
with advanced-stage melanoma still die from their disease owing to 
resistance7. Moreover, treatment-induced immune-related adverse 
events (irAEs) frequently cause morbidities, which are often severe8–10. 
These autoimmune or autoinflammatory manifestations often limit 
both the use and effectiveness of this therapeutic approach.

The gut microbiota, which consists primarily of bacteria along 
with other microbes including Archaea, viruses and fungi that popu-
late the lumen and mucosa of the gastrointestinal tract, has attracted 
much interest over the past decade owing to the potential to modulate 
antitumour immunity. The intestinal microbiota has a key role in the 
maintenance of gut homeostasis and general health by participating 
in a diverse range of physiological functions with both local and sys-
temic effects11,12. Locally, the microbiota maintains intestinal barrier 
function and regulates mucosal immunity, which in turn protects the 
host from infection with pathogens and excessive exposure to com-
mensals. More systemically, the gut microbiota affects the regulation 
of metabolism, inflammation, haematopoiesis and immunity13,14, and 
has a pivotal role in both the development and function of the immune 
system15. Dysregulation of the gut microbiota has been implicated  
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regulation that provides an adequate level of protection from excessive 
immune activation in the form of irAEs.

Role of diet–microbiota interactions in immunity
Diet and the gut microbiota are important factors that shape immune 
fitness. Strong evidence of the role of the gut microbiota in shaping 
immune function is provided by studies involving germ-free and 
antibiotic-treated mouse models33. Germ-free mice have impaired 
development of intestinal lymphoid tissues, including Peyer’s patches 
and isolated lymphoid follicles, with consequent deficiencies in secre-
tory IgA levels, which are essential for the regulation of intestinal 
homeostasis34,35. Furthermore, the immune systems of germ-free mice 
are often polarized towards pro-allergic–TH2-type immune pheno-
types with higher systemic IgE levels and increased susceptibility to 
orally induced anaphylaxis36,37, thus highlighting the importance of the 
microbiota in establishing immune regulation during early develop-
ment. Perturbations of the microbiota during adulthood can lead to 
dysregulated immune responses and the development of autoimmune 
or auto-inflammatory diseases, thus highlighting the systemic effects 
of microbial dysbiosis38. In mouse models of arthritis and autoimmune 
encephalitis, TH17 and/or T follicular helper (TFH) cells differentiate in 
response to colonization with particular host-specific gut microbes 
(such as segmented filamentous bacteria) and migrate to the spleen 
where they support the formation of germinal centres followed by 
the production of autoantibodies, thus driving the emergence of an 
autoimmune pathology39–41.

The balance of effector versus regulatory T cells (Treg) in the gut is 
critical for maintaining immune homeostasis and limiting the extent 
of inflammation. The gut microbiota is central to regulating this bal-
ance and shaping the intestinal T cell repertoire42. The gut microbiota 
is also a dominant source of cognate antigens for T cell activation. 
Such interactions drive the generation of adaptive immune responses 
towards specific gut bacterial antigens43–45. Not all microbial species 
can induce adaptive immune responses, although perturbations to 
the gut microbiota (for example, via the administration of antibiotics) 
result in major shifts in the T cell repertoire42. Diet has also been shown 
to influence interactions between T cells and their cognate antigens by 
altering antigen expression45. Similarly, the IgA repertoire is shaped to 
bind the ‘self’ microbiota and is able to respond rapidly to alterations 
in this ecosystem46 including the recognition of single species and/or 
individual strains47.

Diet is a key factor that shapes the composition and function of the 
microbiota48, which can also directly modulate immune function49,50. 
The production of metabolites from dietary nutrients is a prominent 
means by which microbes modulate systemic immunity. The overall 
output of bacterial metabolites in the gut is dependent on the type 
of microbes present as well as the nutrients ingested and utilized by 
these microbes, as described in detail elsewhere51,52. These metabolites 
can influence host immune cell activity by direct signalling (for exam-
ple, through activations of metabolite-sensing G protein coupled 
receptors (GPCRs)) or indirectly by altering immune cell contact with 
microbes through regulation of gut permeability53,54.

Short-chain fatty acids (SCFAs) such as butyrate, acetate and pro-
pionate have been the focus of numerous studies demonstrating the 
ability of microbial metabolites to modulate the immune system. 
SCFAs are produced by the fermentation of indigestible dietary fibre 
by specific bacteria located in the colon55. Butyrate and propionate are 
predominantly utilized locally in the gut or liver, whereas acetate is  
readily detected in the systemic circulation, suggesting that these 

metabolites might affect immune function at more distant sites38,54,56. 
SCFAs are also important for maintaining gut barrier integrity. SCFAs 
can bind GPR43 on intestinal epithelial cells resulting in NLRP3 inflam-
masome activation and IL-18 production, which promotes epithelial 
barrier repair and turnover57. Butyrate is also a primary source of energy 
for colonocytes and is therefore important for supporting epithelial 
cell renewal56,58. Maintaining barrier integrity is not only critical for 
maintaining intestinal homeostasis but can also limit systemic inflam-
mation by preventing aberrant exposure to microbial products38. 
Dietary fibre intake has been found to be protective against the devel-
opment of both colitis and colorectal cancer in a butyrate-dependent 
manner both in mouse models and in a dietary intervention study57,59,60. 
The tumour suppressive capacity of butyrate, which inhibits the pro-
liferation and survival of cancer cells via GPR43 signalling and/or 
inhibition of histone deacetylase (HDAC), has been demonstrated 
across multiple cancer cell lines55,58,61–63. SCFAs have also been shown 
to promote Treg differentiation both directly by inhibiting HDACs64–66 
and indirectly through modulation of CD103+ dendritic cells (DCs) in 
a GPR43–GPR109A-dependent manner, which are responsible for the 
induction of Treg differentiation in the gut67. Furthermore, signalling 
via metabolite-sensing GPCRs can inhibit NF-κB and thus prevent 
the production of pro-inflammatory cytokines by both immune and 
epithelial cells54,68.

The consumption of suboptimal diets, such as a Western-style 
diet characterized by high levels of saturated fats and low levels of 
fibre, has been linked to dysregulation of the gut microbiota and 
a reduction in SCFA levels. Such diets have also been implicated 
in a wide variety of inflammatory and metabolic diseases56,58,69,70. For 
example, a high-fat diet has been demonstrated to suppress MHC 
class II expression on intestinal epithelial cells and promote intestinal 
tumour development in a mouse model, highlighting the effects of 
diet on immunosurveillance71. In another study, a low-protein diet was 
shown to promote tumour immunosurveillance. In this study, a reduc-
tion in amino acid availability induced IRE1α-dependent endoplasmic 
reticulum stress in tumour cells in three independent mouse models, 
leading to increased IFNγ production and CD8+ T cell infiltration72, 
suggesting that diet can also directly alter the metabolic capacity 
of a tumour.

Fibre is an important source of nutrients for the gut microbiota 
in the large intestine, although some microbes are capable of utilizing 
host-derived glycans or mucins as alternative nutrient sources. For 
example, certain gut microbes, such as Akkermansia muciniphila and  
Barnesiella intestinihominis, are able to exclusively utilize mucins 
(and are referred to as ‘mucin specialists’), whereas other microbes 
exhibit metabolic flexibility and can use a variety of energy sources (and 
are referred to as ‘mucin generalists’). Bacteroides thetaiotaomicron, 
for example, can switch to utilizing host-derived glycans when dietary 
carbohydrates are unavailable73,74. Mucin turnover is critical for the 
maintenance of intestinal integrity. This process involves a tight bal-
ance between mucus degradation and renewal. Muc2-deficient mice 
have enhanced levels of colonic inflammation and exacerbated dextran 
sulfate sodium (DSS)-induced colitis compared with wild-type mice, 
and it is likely that this reflects the closer proximity of bacteria to the 
intestinal epithelium owing to a thinner mucus layer75,76. A symbiotic 
relationship with mucin-degrading microbes occurs in the context 
of a high-fibre diet, thus supporting mucin turnover and promoting 
barrier function. However, in the context of fibre deprivation, the 
mucin-degrading microbiota can erode the mucus layer leading to 
impaired barrier function, thus promoting intestinal inflammation 
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and susceptibility to pathogens74. The dietary context and the overall 
content of the microbial ecosystem are therefore highly relevant to 
the function of microbes, and subsequently their immunomodulatory 
effects (Fig. 1).

The gut microbiota in patients receiving ICIs
Antitumour immunity and responsiveness
Evidence now exists for a role of the gut microbiota in determining 
responsiveness to ICIs. Data from several seminal preclinical studies 
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Fig. 1 | Interactions between diet, the gut microbiota and antitumour immunity. 
Diet influences the balance between fibre-degrading and mucin-utilizing bacteria 
in the gut microbiota. In turn, this balance influences mucin turnover and the 
production of short-chain fatty acids (SCFAs), which promote epithelial cell 
renewal and gut barrier integrity. Optimal barrier function supports a balance 
between immune activation and regulation, which promotes immune homeostasis. 
This process prevents excessive TH17 immune responses and aberrant exposure to 

microbial products, which can drive pathogenic inflammation. By contrast, 
a prolonged period of consumption of a low-fibre diet can result in enhanced mucin 
degradation and impaired barrier function, that increases exposure to microbial 
products and promotes excessive inflammation in the gut. The balance of effector 
(Teff) versus regulatory T cells (Treg) in the gut is critical for limiting inflammation 
locally, which can alter systemic immune polarization and function, DC, dendritic 
cell; TH2, T helper 2 cell; TH17, T helper 17 cell.
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demonstrate that the intestinal microbiota can modulate antitumour 
immunity and is necessary to facilitate the antitumour activity of these 
agents, with germ-free or antibiotic-treated mice having impaired 
tumour control77–79. Genetically similar mice harbouring distinct com-
mensal gut microbes also have altered tumour growth, suggesting that 
differences in spontaneous antitumour immunity reflect differences 
in the microbiota78. Notably, the superior responses to ICIs seen in 
certain mice can be transferred to others via faecal microbiota trans-
plantation (FMT), co-housing or recolonization with more-favourable 
microbes78,79.

Data from landmark clinical studies have further established a 
role of the gut microbiota in responsiveness to ICIs80–82. Notably, FMT 
from patients who were either responsive or not responsive into mice 
also transferred the patients’ response characteristics80,82, thus estab-
lishing a causal link between the microbiota and antitumour immune 
responses during treatment with ICIs80–82. No clear consensus exists on 
the identity of specific taxa associated with a response to ICIs, although 
several common themes emerging across clinical studies include the 
importance of microbial α-diversity, A. muciniphila, and species within 
the Bifidobacterium and Bacteroides genera, and the Ruminococcaceae 
family (such as Faecalibacterium prausnitzii)80–89 (Table 1). These dis-
crepancies might arise from several potentially confounding findings 
including clinical heterogeneity (disease stage, type of ICI received 
and/or line of treatment), definition of response, cancer type or sub-
type, geographical variations and small cohort sizes, as well as varia-
tions in certain technical factors such as sample collection and storage. 
As a result, efforts are now focused on unifying microbial signatures 
to better understand the complex relationship between the micro-
biota and the clinical outcomes in patients receiving ICIs85,87–89. These 
studies involve large cross-cohort analyses and/or geographically 
dispersed clinically homogeneous cohorts (varying in size from 218 to 
438 patients), and demonstrate that neither specific individual taxa nor 
microbial α-diversity are universally predictive of response. Notably, 
some previously reported associations were reproduced in these larger 
cohorts, although cohort-specific variability was noted and might 
be linked with certain geographical variations in diet. For example, 
taxa within the Bifidobacterium genus were enriched in responders 
in two meta-analyses87,88 and A. muciniphila was also associated with 
response in two of these four analyses (one of which also found positive 
associations between Bifidobacterium species and response)87,89. Links 
between fibre-degrading or butyrate-producing taxa and response 
were identified across all studies, and involved species within the Rumi-
nococcaceae or Lachnospiraceae families (commonly F. prausnitzii and 
Roseburia)85,87–89. In line with this observation, higher dietary fibre 
intake was associated with improved progression-free survival (PFS)85 
and response rates89 in two of the analyses and these associations also 
applied to higher microbial α-diversity85,89. Links between unfavourable 
microbiomes, enhanced systemic inflammation and poor response 
rates were also observed in two analyses88,89.

Overall, the conclusions of these studies highlight the profound 
heterogeneity of the gut microbiota and its complex relationship with 
outcomes in patients receiving ICIs, which clinical tools will need to 
capture in order to be truly effective. These emerging data suggest 
the potential clinical utility of signatures combining panels of differ-
ent microbial species and/or that account for microbial community 
assemblages or baseline diet; however, further work in this area is 
required to optimally leverage the microbiome in the predictive set-
ting. The ideal microbial composition and the underlying mecha-
nisms through which the microbiota shapes antitumour immunity are 

currently only partially understood. Insights obtained to date suggest 
the existence of a variety of mechanisms, including the production of 
metabolites or microbial products that act as a source of antigenicity 
and/or that can have an adjuvant role in modulating systemic immune 
function. Nonetheless, fundamental questions remain relating to the 
relative importance of the baseline microbiota in shaping or priming 
pre-existing anticancer immunity versus how the gut microbiota or 
subsequent microbial alterations occurring during treatment with 
ICIs can influence immune reactivation.

Cross-reactivity of microbial and tumour antigens
Molecular mimicry of self and microbial peptides can lead to 
antigen-specific activation of autoreactive immune cells, which can 
traffic to distant sites and drive autoimmunity. This effect has been 
reported in the context of autoimmune uveitis, cardiomyopathy and 
multiple sclerosis90–92. Through a similar principle, microbiota-specific 
T cells might recognize tumour-associated antigens. For example, 
cross-reactivity has been demonstrated between CD8+ T cells that are 
specific for enterococcal bacteriophages and MHC class I-restricted 
tumour antigens93. Furthermore, T cells specific for an epitope 
expressed by Bifidobacterium breve have been demonstrated to 
cross-react with a neoantigen expressed by the B16.SIY melanoma cell 
line94. Tumours in mice lacking B. breve consequently grew faster in this 
study. Memory TH1 recall responses directed against specific bacteria, 
including A. muciniphila, Bacteroides fragilis, B. thetaiotaomicron and 
Enterococcus hirae, have been associated with improved responses to 
ICIs and prolonged PFS in patients receiving ICIs79,81,95. Adoptive transfer 
of B. fragilis-specific memory T cells into germ-free or antibiotic-treated 
mice enabled partial restoration of tumour control by ICIs targeting 
CTLA4 (ref. 79). These memory responses against commensals might 
reflect bacterial translocation associated with disrupted barrier 
function. Alternatively, sampling of mucosal antigens by intestinal 
DCs could result in the generation of commensal-specific memory 
responses, without compromising gut integrity53,96. In line with this 
observation, many of the immunomodulatory bacteria associated with 
enhanced immune activation actively colonize the mucosa as opposed 
to the intestinal lumen79,95,97.

Effects on immune activation and function
The microbiota can also have an auxiliary role in promoting antitumour 
immunity. Microbial-derived products such as microbe-associated or 
pathogen-associated molecular patterns (including lipopolysaccha-
ride (LPS), peptidoglycans and nucleic acids), can act as signals that 
promote immune cell activation and function98,99.

Early evidence of the ability of microbes to influence the degree 
and polarity of immune activation was provided by studies of the 
effects of chemotherapy. For example, translocated E. hirae are able 
to induce the polarization of immune cells in secondary lymphoid 
organs towards a TH1/IFNγ phenotype, leading to increased ratios of 
intratumoural cytotoxic T cells to Treg in mouse models95,100. The micro-
biota is also able to prime myeloid cells to produce pro-inflammatory 
cytokines and reactive oxygen species (ROS) in mice exposed to CpG 
oligodeoxynucleotides (which are designed to mimic the activation 
of innate immunity mediated by pathogenic viruses and/or bacteria) 
and platinum-based chemotherapy. Germ-free and antibiotic-treated 
mice had impaired responses to these agents, although oral gavage 
with LPS abrogated the effects of antibiotics, suggesting that the intes-
tinal microbiota modulates inflammatory processes in the tumour 
microenvironment (TME) via TLR4-dependent signalling77. Elsewhere, 
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a mixture of 11 immunostimulatory bacterial strains that are known 
to actively colonize the gut mucosa was able to systemically induce 
IFNγ-producing CD8+ T cells in a mouse model. This immunomodula-
tory effect was observed both locally and systemically, with higher 
frequencies of IFNγ+CD8+ T cells observed in organs located beyond 
the intestines including within tumours101. These immune cells were 
phenotypically distinct from the colonic immune cell populations 
and their induction was independent of innate signalling, leading the 

authors to hypothesize that bacterial metabolites rather than bacterial 
translocation or immune cell migration were responsible for this effect. 
Data published in 2021 indicate that Enterococcus species that promote 
responsiveness to ICIs have distinctive peptidoglycan remodelling 
capabilities102. These species express a peptidoglycan hydrolase (SagA) 
that generates cell wall-derived muropeptides capable of stimulat-
ing the immune system in a NOD2-dependent manner that enhances 
the accumulation of cytotoxic CD8+ T cells and pro-inflammatory 

Table 1 | Emerging features of the microbiota and their roles in response to ICIs

Ecosystem feature Clinical evidence Preclinical evidence

Akkermansia muciniphila Higher relative abundance in responders to 
anti-PD-1 (± anti-CTLA4) antibodies in patients 
with melanoma, NSCLC or RCC81,87,89

Oral administration of A. muciniphila restores the antitumour activity of 
anti-PD-1 antibodies in germ-free or antibiotic-treated mice81

Circulating memory T cell responses to 
A. muciniphila associated with improved PFS81

Can produce cyclic di-AMP and induce STING type I IFN innate cell 
reprogramming in the TME to enhance the efficacy of anti-PD-1/PD-L1 
antibodies105

Bacteroides (B. caccae,  
B. fragilis, B. thetaiotaomicron)

B. caccae and B. thetaiotaomicron enriched 
in patients with melanoma with a response 
to anti-PD-1 (± anti-CTLA4) antibodies79,84

Oral gavage with B. fragilis or adoptive transfer of B. fragilis-specific memory 
T cells partially restores tumour control in the presence of anti-CTLA4 
antibodies in germ-free or antibiotic-treated mice79

B. fragilis outgrowth following treatment with anti-CTLA4 antibodies mediates 
a response in mouse models of melanoma that received FMT from human 
patients79

Bifidobacterium (B. longum, 
B. pseudolongum, B. breve)

B. longum more abundant in patients with 
melanoma with a response to anti-PD-1 
antibodies80

Oral administration of Bifidobacterium spp. alone or in combination with an 
anti-PD-L1 antibody improves tumour control78

Bifidobacterium spp.-treated mice have enhanced expression of genes 
involved in antigen presentation, T cell activation and type I IFN signalling78

Reconstitution of germ-free mice with stool samples from patients with 
a response (high levels of B. longum) improves the activity of anti-PD-L1 
antibodies80

B. breve-specific T cells cross-react with neoantigens expressed by the B16.SIY 
melanoma cell line, constraining tumour growth94

B. pseudolongum enhances responsiveness to ICIs through production of 
inosine104

Enterococcus (E. hirae, 
E. faecium)

E. hirae and E. faecium enriched in patients with 
melanoma or NSCLC with a response to anti-PD-1 
antibodies80,81

Enterococcus species improve the activity of anti-PD-L1 antibodies in 
mouse models of melanoma via immunologically-active peptidoglycan 
muropeptides102

Circulating memory T cell responses to E. hirae 
associated with improved PFS81

Translocated E. hirae induce the polarization of immune cells in secondary 
lymphoid organs towards TH1/IFNγ-type phenotypes in mice exposed to 
cyclophosphamide-based chemotherapy95,100

Faecalibacterium prausnitzii Higher relative abundance in patients with 
melanoma with a response to anti-PD-1 
(± anti-CTLA4) antibodies82–84,89,111

Mice receiving FMT from ICI responders have improved responses to anti-PD-L1 
antibodies, linked with a greater abundance of Faecalibacterium82

Enriched in patients with higher levels of dietary 
fibre intake85

Higher levels of intratumoural CD8+ T cells 
in patients with a microbiota enriched with 
F. prausnitzii82

Higher levels of F. prausnitzii associated with 
longer PFS durations82

Ruminococcaceae Ruminococcaceae-dominated microbiomes are 
associated with higher response rates among 
patients with melanoma receiving anti-PD-1 
(± anti-CTLA4) antibodies82,88,89

High-fibre diet improves the activity of anti-PD-1 antibodies85

Associated with higher dietary fibre consumption 
and improved PFS85

FMT, faecal microbiota transplantation; ICI, immune-checkpoint inhibitor; NSCLC, non-small-cell lung cancer; PFS, progression-free survival; RCC, renal cell carcinoma; TH1, T helper 1 cell; 
TME, tumour microenvironment.
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monocytes in the TME. Furthermore, NOD2-active muropeptides were 
found to improve the antitumour activity of ICIs, thus highlighting the 
potential of synthetic molecules and/or microbial-derived products as 
adjuvants to enhance the effectiveness of these agents102,103.

Microbes can also support T cell priming and effector function 
by modulating the activation and maturation of DCs. Bifidobacterium 
species, B. fragilis and A. muciniphila have all been found to stimulate 
DCs to produce IL-12, a cytokine that promotes TH1 responses78,79,81. 
Similarly, reconstitution of antibiotic-treated mice with A. muciniphila 
in combination with an anti-PD-1 antibody promotes the accumulation 
of CD4+ central memory T cells expressing the small intestine hom-
ing chemokine receptors CCR9 and CXCR3 in both the mesenteric 
lymph nodes and tumour cells. These central memory cells were found  
to form intratumoural granulomas, thus increasing the ratio of CD4+ to 
FoxP3+ T cells in the TME and restoring the antitumour activity of the 
anti-PD-1 antibody81. Bifidobacterium spp. have also been found to alter 
the functional capacity of DCs, with DCs derived from mice exposed to 
these organisms having greater expression of genes involved in antigen 
presentation, T cell activation and type I IFN signalling. Functionally, 
these DCs are able to induce CD8+ T cell proliferation and IFNγ produc-
tion, which might explain the increased accumulation of CD8+ T cells in 
the TME in these models78. These data are supported by the observation 
of higher levels of CD8+ T cells and markers of antigen presentation in 
the TME of patients with a microbiota enriched with Faecalibacterium 
species82. Together these data provide strong support for the idea that 
bacteria-derived signals can modulate DC activation and improve the 
effector functions of tumour-specific CD8+ T cells.

Metabolites that promote type 1 antitumour immunity
Microbes are known to modulate antitumour immunity via the pro-
duction of metabolites. Data published in 2020 indicate that inosine, 
a bacterial purine metabolite, can promote TH1 activation via adenosine 
receptor (A2AR) signalling, which improves the activity of ICIs across 
mouse models of several different cancer types104. Bifidobacterium 
pseudolongum and A. muciniphila are both able to produce this metabo-
lite. Hypoxanthine and xanthine, and other related metabolites, are 
also elevated in the serum of mice colonized with B. pseudolongum104. 
Interestingly, hypoxanthine and inosine monophosphate levels are 
also elevated in mouse serum following inoculation with the previ-
ously mentioned 11-strain microbial consortium reported to induce 
IFNγ-producing CD8+ T cells101. Microbial production of STING agonists 
has also been shown to induce monocytes in the TME resulting in type I 
IFN production and skewing the polarization of innate immune cells 
towards an anti-tumorigenic phenotype105. A high-fibre diet or FMT 
from patients with a response to ICIs are both able to induce a simi-
lar STING type I IFN innate cell reprogramming effect in the TME and 
enhance the efficacy of ICIs targeting PD-1 or PD-L1 immunotherapy. 
Notably, A. muciniphila has been shown to produce cyclic di-AMP 
(a naturally occurring STING agonist) that can promote the occur-
rence of this phenotype105. Trimethylamine N-oxide (TMAO) is another 
microbial metabolite that has been demonstrated to promote CD8+ 
T cell-mediated antitumour immunity via induction of pyroptosis, 
leading to enhanced activity of anti-PD-1 antibodies in mouse models 
of triple-negative breast cancer106. In another study, TMAO was found 
to enhance antitumour immunity in mouse models of pancreatic ductal 
adenocarcinoma (PDAC), albeit by inducing an immunostimulatory 
phenotype in macrophages that potentiated type I IFN signalling and 
T cell effector function107. A choline-rich diet or dietary supplementa-
tion with choline (a TMAO precursor) also enhanced tumour control 

with an ICI106,107. The microbiota-derived tryptophan metabolite indole-
3-acetic acid (3-IAA) has also been shown to enhance the activity of 
chemotherapy in mouse models of PDAC by promoting the accumu-
lation of ROS in cancer cells, ultimately to cytotoxic levels108. Inter-
estingly, the 3-IAA producers B. fragilis and B. thetaiotaomicron were 
both enriched in patients with PDAC who had a response to chemo-
therapy, and the presence of these organisms has also been linked with 
antitumour immunity in patients receiving ICIs79,84,108.

F. prausnitzii and other members of the Ruminococcaceae family 
have been associated with response in patients receiving ICIs across 
several studies82–84,89. These microbes are key fermenters of dietary fibre 
resulting in the production of butyrate, which is essential for maintain-
ing both epithelial integrity and intestinal homeostasis56,58. Data from 
several studies indicate that the levels of these beneficial microbes are 
reduced in the context of inflammatory bowel disease and colorectal 
cancer69. However, evidence on the implications of SCFAs for response 
to ICIs is conflicting, suggesting a dependence on a specific physiologi-
cal context. For example, high concentrations of faecal SCFAs have been 
associated with both responsiveness and longer PFS in patients with 
various solid tumours109,110, although higher concentrations of serum 
SCFAs have been associated with shorter PFS111. Oral administration 
of butyrate increases systemic SCFA levels and limits the antitumour 
activity of anti-CTLA4 antibodies in mouse models by restraining the 
induction of tumour-specific T cells in the tumour-draining lymph 
nodes, with evidence of a similar effect in patients with higher serum 
SCFA levels111. Conversely, an orally administered gel that enables 
prolonged release of the dietary fibre inulin is able to modulate the 
microbiota, leading to increased faecal SCFA levels and enhanced 
systemic antitumour immunity in mouse models exposed to anti-PD-1 
antibodies112. This finding can be rationalized by the knowledge that 
systemic SCFA levels are influenced by both microbial production in 
the gut and consumption by colonocytes (particularly butyrate). Fur-
thermore, the systemic accumulation of orally administered SCFAs is 
also dependent on absorption in the small intestine113. In line with this 
finding, oral administration of free SCFAs did not improve the efficacy 
of ICIs in this study, in contrast to the administration of inulin gel that is 
metabolized by the gut microbiota112. However, in terms of potentially 
beneficial impacts, it was proposed that SCFAs enhance the memory 
potential of antigen-primed CD8+ T cells and promote their differen-
tiation into stem-like Tcf1+PD-1+CD8+ T cells both in the mesenteric 
lymph nodes and in the TME during PD-1 blockade, promoting tumour 
control112,114. This observation is consistent with the findings of a previ-
ous study showing that butyrate can enhance the memory potential of  
activated CD8+ T cells, which is particularly relevant in the context  
of immunotherapies that rely on the reactivation of pre-existing, albeit 
functionally suppressed, antitumour immune responses115.

It is likely that the microbiota is able to promote responsiveness 
to ICIs through several mechanisms that are probably not mutually 
exclusive (Fig. 2). Although further research is required, the avail-
able data suggest that specific microbes can skew the polarization of 
immune cell populations towards type 1 immunity, which promotes 
tumour clearance. Thus, manipulating the microbiota might enable 
the reprogramming of defective type 1 antitumour immune responses 
to improve the efficacy of treatment in some patients.

irAEs
Beyond modulating antitumour immunity, it is likely that the gut 
microbiota also influences susceptibility to the more severe autoim-
mune and/or inflammatory adverse effects of ICIs. These toxicities can 
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become manifest in any organ, most commonly in the colon, liver, skin, 
thyroid and lungs. Notably, many of these toxicities occur at key epithe-
lial barrier sites116. The central role of tissue-resident immune cells in 

many of these locations suggests that the pre-established state of the 
local immune environment has important implications for the develop-
ment of irAEs97,117. Data from several studies demonstrate associations 
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Fig. 2 | Putative mechanisms of interactions between microbes, immune cell 
subsets and immune-checkpoint inhibitors. Several candidate species have 
been demonstrated to promote antitumour immunity and enhance the activity 
of immune-checkpoint inhibitors (ICIs) via the release of different microbial 
products or metabolites. The microbial-derived STING agonist, cyclic di-AMP 
(c-di-AMP) can induce monocytes in the tumour microenvironment (TME) to 
produce type I IFN and skew the polarization of innate immune cells towards an 
anti-tumorigenic phenotype. The microbial metabolite trimethylamine N-oxide 
(TMAO) can induce pyroptosis in tumour cells and promote the activation 
of CD8+ T cell-mediated antitumour immunity. TMAO can also promote the 
induction of tumour-associated macrophages that potentiate IFNγ signalling 

in the TME. Inosine can promote T helper 1 cell (TH1) activation via adenosine 
receptor (A2AR) signalling. Cell wall-derived muropeptides can stimulate the 
immune system in a NOD2-dependent manner and promote the accumulation of 
CD8+ T cells and pro-inflammatory monocytes in the TME. Cross-reactivity has 
been demonstrated between CD8+ T cells specific for an epitope expressed by 
Bifidobacterium breve (SVY) or enterococcal bacteriophages (TMP1) and tumour 
antigens. Short-chain fatty acids (SCFAs) can enhance the memory potential of 
antigen-primed CD8+ T cells and promote their differentiation into stem-like 
Tcf1+PD1+CD8+ T cells during PD-1 blockade, thus promoting tumour control. 
3HB, 3-hydroxybutyrate; Treg cell, regulatory T cell.
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between pretreatment microbial features of the gut and the develop-
ment of severe irAEs83,86,89,118. However, as with the associations between 
the microbiota and response, a similar lack of consensus exists for its 
associations with irAEs. Larger studies with comprehensive annotation 
of the development of possible irAEs will be important. The gut micro-
biota has a critical role in maintaining intestinal homeostasis and barrier 
function and is therefore particularly implicated in the development 
of ICI-induced colitis. Furthermore, an overlap has been reported to 
exist between microbial features associated with improved antitumour 
efficacy, such as the association between F. prausnitzii and the develop-
ment of colitis in one study83, whereas data from other studies suggest 
that similar microbial features are associated with both response and 
a reduced incidence of severe irAEs, such as Bifidobacterium spp.79,89. 
Among patients receiving neoadjuvant ICIs, those without a response 
who also developed severe toxicities had the lowest level of pretreat-
ment microbial diversity89. In line with this observation, many of the 
taxa associated with response across studies are also typically associ-
ated with good general gut health and have frequently been reported 
to be depleted in those with various autoimmune or inflammatory 
diseases69,119–121.

Whether the development of irAEs is associated with the effec-
tiveness of ICIs remains contentious32,122,123. The specific type of irAE 
and the time of onset are both likely to be relevant considerations. For 
example, vitiligo has been linked with improved outcomes in patients 
with advanced-stage melanoma receiving ICIs and is associated with 
cross-reactivity between tumour and self-antigens124. By contrast, 
Il10-knockout mice exposed to anti-CTLA4 antibodies have impaired 
tumour control despite the ICI consistently exacerbating the severity of  
colitis79. In addition to causing serious morbidities, the development  
of severe irAEs might necessitate the discontinuation of treatment 
and/or therapeutic immunosuppression. Several studies have indicated 
that the use of steroids early in the course of treatment is associated 
with poor outcomes31,125–127. Corticosteroids might also alter the com-
position of the gut microbiota. Dexamethasone has been shown to 
increase the abundance of Bifidobacterium and Lactobacillus species 
in parallel with limiting colonic inflammation in Il10-knockout mice128.

Data published in 2021 indicate that a greater abundance of Bac-
teroides intestinalis is associated with the upregulation of intestinal 
IL-1β and the development of intestinal toxicities both in mice and in 
patients with melanoma86. Data from another study indicate that TNF is 
upregulated in the intestines of patients who developed colitis follow-
ing treatment with ICIs targeting PD-1 or CTLA4 (ref. 129). DSS-induced 
colitis is exacerbated by the administration of anti-PD-1–anti-CTLA4 
antibodies, whereas prophylactic TNF blockade reduces the severity 
of colitis without compromising the antitumour activity of the ICIs in 
mouse models129. Similarly, experimental data demonstrate that admin-
istration of B. fragilis promotes tumour control while also ameliorating 
the histopathological signs of CTLA4-induced colitis79. Mechanistically, 
Bifidobacterium species have been shown to confer protection from 
intestinal inflammation in the specific context of anti-CTLA4 immuno-
therapy by enhancing the immunosuppressive capacity of Treg via 
alterations in mitochondrial metabolism130,131. Further investigations 
of the mechanisms by which the gut microbiota shapes the outcomes 
in patients receiving ICIs is required, but the evidence to date suggests 
that gut microbes have a central role in influencing immune tone both 
locally and systemically. This observation is key to determining the 
immunostimulatory versus immunoregulatory balance that is likely to 
underpin both response and the development of irAEs. As such, the gut 
microbiota is a promising therapeutic target of interventions designed 

to promote responsiveness to ICIs, whilst reducing the incidence of 
toxicities and/or treating any irAEs.

Leveraging the microbiota in the clinic
Unlike many of the factors that are known to influence the activity of 
ICIs, the gut microbiota and resultant immune phenotypes are readily 
amenable to modification. This amenability presents an opportunity 
to target the microbiota in a way that promotes responsiveness to ICIs 
and/or reduces the incidence of toxicities. Numerous clinical studies 
have identified associations between the microbiota and the activity 
of ICIs, although a lack of consensus exists on the identity of specific 
taxa linked with response across different cohorts80–84,86,89. This lack 
of agreement across patient cohorts geographically has undermined 
confidence in the ability to use microbial data to guide clinical manage-
ment. The generalizability of microbial findings remains a key chal-
lenge across the broader microbiome field. This lack of generalizability 
extends from the large degree of heterogeneity that exists among the 
microbiota of each individual, which reflects a variety of environmental 
and host-related factors that shape both microbial composition and 
functional capacity, including host genetics, diet and previous antibi-
otic use132–136. Such factors contribute to the assembly of gut microbial 
communities and can influence both the function of microbes and the 
susceptibility of an individual’s microbiota to modification.

It is likely that functional redundancy amongst taxa, whereby dif-
ferent microbes that might be distantly related can perform the same 
function, contributes to the discordance in results between studies137,138. 
The lack of a consensus on the most relevant taxon-based biomarkers 
warrants further consideration of how microbial metabolic processes 
and products modulate antitumour immunity, regardless of the source 
microbes. The overall state of the microbial ecosystem and resultant 
microbial metabolites might be much more important than the pres-
ence or absence of any specific individual taxon as particular drivers of 
response and/or toxicities in patients receiving ICIs139–141. In addition to 
functional redundancy, microbes can function in a context-dependent 
manner, influenced by interspecies competition or cooperation and/or 
in response to nutrient availability74,142,143. The same microbes might 
therefore have different roles in different dietary or ecological contexts 
and these could be either beneficial or deleterious for human health. 
Shared ecosystem features or the maintenance of a gut ecosystem that 
supports intestinal integrity, including functional properties such  
as fibre fermentation and mucin turnover, might be underlying com-
mon features linked with more favourable outcomes in patients 
receiving ICIs. For example, many of the taxa linked with responsive-
ness to ICIs across cohorts are fibre-degrading microbes with an impor-
tant role in good gut health, and are known to beneficially coexist where 
cross-feeding interactions between primary fibre degraders such 
as Ruminococcus bromii or Bifidobacterium and butyrate producers 
such as F. prausnitzii support optimal fermentation conditions119,144,145.

Given the syntrophic nature of the gut microbiota, in which the 
different components are often interdependent, considering the over-
all assemblage of the microbial community is important. Emerging 
evidence suggests that despite the large degree of interindividual 
variation, recurrent patterns in the composition of the gut microbiota 
exist across human populations. For example, the micro biome of 
most individuals tends to be dominated by the same key taxa 
(Ruminococcaceae, Prevotella or Bacteroides)146–148. An individual’s 
gut microbiota typically remains stable over time and this observa-
tion suggests that the intrinsic properties of an individual’s micro-
biota will constrain the relationship with certain characteristics  
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(such as immune tone or disease risk) or how it will be influenced 
by selective pressures such as diet146,147,149. This stability enables the 
stratification of individuals into microbial clusters or gut microbial 
community types (sometimes termed ‘enterotypes’)146,147. Some con-
troversy exists surrounding the clustering of the microbiota into 
discrete classes147, although population-based stratification that 
reflects shared microbial compositions at a community level does 
provide a useful method of accounting for ecological context and 
the associated functional differences within variable community 
conformations. For example, microbial communities dominated 
by Ruminococcaceae, Prevotella or Bacteroides all have differential 
saccharolytic, proteolytic and lipolytic capacities137. Accordingly, 
microbial community composition is strongly linked with long-term 
dietary patterns150, with Bacteroides-dominated microbial communi-
ties associated with the consumption of low-fibre diets high in animal 
fats and protein, and Prevotella-dominated communities associated 
with high-fibre plant-based diets150,151. Ruminococcaceae-dominated 
microbial communities have been suggested to be more function-
ally redundant and less susceptible to perturbations compared 
with Bacteroidaceae-dominated communities, which are more 
frequently associated with enhanced systemic and intestinal 
inflammation137,149,152,153. The overall ecological state of the gut micro-
biota might therefore be a useful predictor of immunological tone and 
response to microbiota-targeting interventions.

Cross-cohort analyses of data from patients receiving ICIs have 
clearly shown that no single microbial taxon alone can be regarded 
as fully predictive of response or toxicities87,88. However, account-
ing for underlying community assembly between patient cohorts by 
stratifying patients into groups with shared microbial community 
level composition demonstrates that differences in microbial ecology 
underpin the relationship between gut microbes and these clinical 
outcomes89. Of note, patients with Ruminococcaceae-dominated 
microbiomes, which are linked with higher dietary fibre consump-
tion, are more likely to respond to ICIs89. Similarly, in another study, 
favourable outcomes were associated with the presence of community 
clusters enriched with Ruminococcaceae88. Conversely, patients with 
microbiomes with a greater relative abundance of microbes that pos-
sess the ability to degrade intestinal mucin, as well as patients with 
increased levels of several systemic inflammatory markers (higher 
C-reactive protein or neutrophil to lymphocyte ratio) seem to have 
less favourable outcomes, suggesting the existence of a link between 
the baseline microbiota and immune fitness88,89. Particular ecological 
states and/or microbial community structures could serve as indica-
tors of risk of non-response and/or toxicities, and enable the iden-
tification of patients most likely to benefit from microbiota-related 
interventions. Substantial evidence now exists that an individual’s 
baseline microbiota influences the success of microbiota-targeting 
interventions, including dietary interventions, FMT and probiotic 
engraftment154–156. Accounting for the overall assembly of microbial 
communities is therefore also likely to be important for attempts 
to reproducibly target the microbiota clinically when attempting to 
improve the outcomes in patients receiving ICIs.

In order to optimally leverage the gut microbiota in the clinic, 
more research is required to better understand the functions under-
pinning the community networks that facilitate responsiveness to 
ICIs. Clinical tools utilizing the microbiome will need to capture the 
profound interindividual heterogeneity. Considering the overall 
assemblage of microbial communities by subclassifying patients 
based on shared ecosystem features such as into ‘community types’ 

provides one potential method for achieving this. Furthermore, dif-
ferent microbial assemblages or ecological states could be utilized 
as biomarkers of response and/or irAEs88,89. Thus, developing tools 
that can be applied clinically to reliably classify patients into different 
ecological groups will be important. Further mechanistic interrogation 
of data from large metagenomic sequence-based datasets in order 
to identify shared metabolic functions or metabolites rather than 
individual microbes will also be important to overcome the issues of 
functional redundancy and interindividual microbial heterogeneity. 
Metagenomics (shotgun sequencing to sample all genetic material) is 
a useful research tool that has been used to assess the microbiome at 
high levels of detail in many studies; however, adapting these methods 
as a point of care test is not currently feasible owing to the extensive 
and time-intensive bioinformatics required. Clinical tools that leverage 
data from 16S rRNA gene amplicon sequencing, which is focused on 
a specific genomic region only, might be a more feasible method for 
obtaining results within a turnaround time that permits the guidance 
of treatment decision-making. This approach is conceptually similar to 
the use of targeted next-generation sequencing panels as opposed  
to whole-genome sequencing in other settings, such as testing for tar-
getable genomic alterations in patients with NSCLC and certain other 
cancers157,158. We emphasize that a ‘good’ microbiota is not the only fac-
tor that influences the efficacy of treatment. It is likely that any clinical 
microbiota-related metrics will need to be combined with assessments 
of other clinical and/or tumour-intrinsic factors in order to optimize 
clinical utility. The gut microbiota might have a greater influence on 
the outcomes in certain patients. Thus, more integrated analyses  
of the relationships between the gut microbiota and tumour-intrinsic 
factors will be critical to understanding the role of the gut microbiota 
during treatment and identifying patients who are most likely to derive 
benefit from microbiota-targeting interventions.

Strategies for modulating the gut microbiota
Modulating the microbiota to induce an immune–microbiota landscape 
that is more conducive to a response to ICIs and less prone to the develop-
ment of severe irAEs is a prominent focus of ongoing research. A variety 
of strategies including both broad interventions (dietary interventions 
or FMT) and narrow interventions (specific prebiotic nutrients, pro-
biotic microbes or specific metabolites) might be considered (Box 1). 
Data from several preclinical studies have demonstrated the capacity 
to modulate the gut microbiota in a way that improves the activity of 
ICIs77–80,82. However, a caveat relating to a number of these findings is 
that the microbiota is modulated prior to tumour inoculation, thus 
altering the baseline microbiota and the immune environment in which 
the tumour initially develops. This approach is less relevant in the clini-
cal setting, in which modulation of the microbiota would be required 
after the cancer has evaded an initial antitumour immune response, 
when a patient might present with advanced-stage and/or metastatic 
disease. Nonetheless, this disconnect does not preclude the utility of 
microbial interventions in the clinic and a number of clinical trials are 
currently underway in this space159,160. However, the optimal method for 
modulating the gut microbiota to promote response to ICIs, including 
the nature and timing of interventions, requires further investigation, 
particularly relating to the challenges highlighted above.

A particular microbiota-targeting intervention might result in suc-
cessful engraftment or modulation of the gut microbiota composition 
leading to favourable changes in one or more immunological parame-
ters, although these effects might only translate to an improved response 
to treatment if the tumour is intrinsically capable of responding. Moving 
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forward, patient selection will be an important consideration when 
designing trials assessing the effectiveness of microbiota-targeting 
interventions that are intended to improve the efficacy of treatment. 
For example, response rates to subsequent lines of anti-PD-1 antibodies 
can vary greatly depending on the underlying cause of disease progres-
sion (such as primary versus acquired resistance)161,162. Furthermore, 
microbial interventions alone are likely to be effective only in a subset 

of patients or might need to be administered in combination with other 
interventions such as novel ICIs in certain scenarios163.

Diet and prebiotics
Nutritional interventions provide an appealing method for modu-
lating the microbiota, owing to their excellent safety profile, cost 
effectiveness and non-invasiveness. Holistic dietary changes and/or 

Box 1

Strategies for modulating the gut microbiota to improve the 
outcome in patients receiving immune-checkpoint inhibitors

 • Diet
 - Nutritional interventions involving holistic dietary changes such 

as fibre-rich or ketogenic diets.
 - Interventions can be administered concurrently with ICIs.
 - Advantages include safety, cost-effectiveness, a lack of 

invasiveness and possible improvements in general health.
 - Disadvantages include difficulties with compliance and 

changing ingrained dietary patterns, and variable effectiveness 
dependent on baseline microbiota and diet.

 - Development of precision nutrition tools to design personalized 
dietary plans based on the baseline microbiota of each patient.

 • Prebiotics
 - Nutrient supplements that promote the growth of beneficial 

bacteria already present in the gut, such as inulin or pectin.
 - Advantages include providing a simple, cost-effective and 

non-invasive method for increasing specific nutrients with 
the potential to increase the abundance of particular target 
organisms, potentially with a lower burden for patients, 
compared with holistic dietary changes.

 - Disadvantages include variable effectiveness depending on 
the native microbiota, uncertainties regarding the quantities 
of supplement required to achieve the desired effects, and the 
possibility that prebiotics from wholefood sources may be more 
effective.

 - Identification of the optimal prebiotics and intake strategies 
based on underlying knowledge of their interactions with the 
patient’s diet and/or baseline microbiota is an important step.

 • Probiotics
 - Preparations of live microbes that are typically administered 

orally once or twice per day, and can be administered 
concurrently with ICIs.

 - Advantages include providing a cost-effective, easy-to-use and 
non-invasive method for introducing beneficial microbes that 
might not already be present.

 - Disadvantages include variable engraftment uptake 
depending on the native microbiota, varying levels of ability 
to survive intestinal transit, and some evidence suggesting 
that over-the-counter probiotics can reduce microbial 
diversity and are linked with lower response rates in patients 
receiving ICIs.

 - Develop next-generation probiotics that comprise several 
strains of microbes that are known to be consistently associated 
with a response to ICIs.

 • Postbiotics
 - Metabolically or biologically active microbial-derived 

compounds such as metabolites or bacterial cell wall 
components.

 - Advantages include the ability to bypass the use of microbes 
and related engraftment issues.

 - Such interventions require a more-detailed mechanistic 
understanding in order to design and develop effective 
interventions.

 - Identification of appropriate postbiotics, a next-generation 
therapeutic approach that utilizes microbial products 
associated with a response to ICIs.

 • FMT
 - Transfer of a donor’s microbial ecosystem to a recipient either 

via colonoscopy or as orally administered capsules.
 - FMT is generally administered prior to treatment with ICIs. 

Maintenance stool-derived capsules are also being assessed in 
certain scenarios as well as antibiotic pretreatment.

 - Advantages include the transfer of both the putative favourable 
immunogenic microbes and their diverse supporting ecosystem.

 - Disadvantages include variable levels of engraftment and 
scalability issues depending on the donor.

 - Requires the identification of optimal donors and strategies for 
inducing engraftment.

 • Designer consortia
 - Administration of a defined microbial consortium of specific 

cultivated species. Daily doses for the period of the trial, with 
short lead-in periods (4 days to 2 weeks) prior to administration 
of ICIs are currently being assessed.

 - Advantages include providing an intervention that balances 
the complexity of FMT with the scalability and practicality of 
probiotics.

 - Disadvantages include variable levels of engraftment, and the 
need to identify the optimal microbial strains.

 - Future research directions include developing consortia 
comprising several strains of microbes known to be consistently 
associated with a response to ICIs.

FMT, faecal microbiota transplantation; ICI, immune-checkpoint inhibitor.
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supplementation with specific nutrients (prebiotics) could be uti-
lized to expand the population of ‘beneficial’ microbes and/or shift 
the immune–microbiota landscape. Dramatic dietary alterations 
such as from an animal-based diet to a plant-based diet have been 
shown to rapidly alter the gut microbiota and related metabolites 
within a short time period (1–4 days)151,164,165; however, these changes 
are also readily reversible, indicating that sustained dietary altera-
tions are likely to be required to achieve long-term health benefits. 
The ability to rapidly alter the gut microbiota and its metabolism 
highlights the utility of short-term dietary alterations either prior 
to receiving, or during treatment with, ICIs as a method of aug-
menting treatment effectiveness, and/or reducing susceptibility  
to toxicities.

Consumption of a high-fibre diet (meeting the daily fibre intake 
of 30 g/day recommended in many guidelines) is associated with a 
reduced risk of a variety of metabolic and inflammatory diseases as 
well as cancer166. However, a large proportion of individuals world-
wide do not meet this dietary recommendation166. Consumption 
of >30 types of plants (fruit, vegetables, grains) per week has also 
been associated with a healthier and more diverse microbiota167. Key 
fibre-fermenting microbes such as F. prausnitzii, and faecal SCFA 
concentrations, have been observed in individuals without cancer 
who switch between high-fibre diet and zero-fibre 14-day diets168. 
In patients with cancer, higher fibre intake, greater microbial diver-
sity, and a greater abundance of fibre-fermenting microbes such as 
F. prausnitzii are all associated with a response to ICIs, suggesting 
that even short-term dietary interventions that increase fibre intake 
can augment the activity of ICIs82–85,89. However, such interventions 
are more likely to benefit those whose diet did not previously meet 
the recommended level of fibre intake rather than entire cohorts. In a 
phase I study involving melanoma survivors, a high-fibre dietary inter-
vention, in which patients received a fibre-enriched wholefood diet 
for 6 weeks (containing 40–50 g of fibre per day), was found to be fea-
sible. Notably, rapid shifts in both the gut microbiota and the metabo-
lome were observed alongside increases in SCFA-producing taxa as 
well as SCFA acetate, omega 3/6 and tryptophan metabolism169,170. 
The largest degree of shift in the gut microbiota was observed in 
patients with the lowest baseline fibre intake, suggesting that the 
effects of baseline diet and microbiota are an important factor in 
determining the effectiveness of the intervention. A phase II rand-
omized controlled trial assessing the efficacy of an 11-week dietary 
intervention comprising a fibre-enriched wholefood diet on the gut 
microbiota of patients with melanoma receiving ICIs is currently 
ongoing (NCT04645680).

Dietary supplementation with specific prebiotics might be 
an alternative strategy to modulate the microbiota; however, this 
approach might only promote the expansion of specific microbe popu-
lations rather than enhance the overall level of microbial diversity. 
Preliminary evidence from mouse models suggests that the adminis-
tration of inulin prebiotics can promote antitumour immunity. In one 
study, supplementation with inulin was found to reduce implanted 
tumour growth in mouse models of melanoma and overcome resist-
ance to MEK inhibitors171. In another study, oral administration of 
inulin gel was found to enhance the activity of anti-PD-1 antibodies 
across multiple mouse models112. Elsewhere, a pectin-enriched diet 
has been shown to induce type I IFN production in the TME and to 
improve both tumour control in the absence of therapy and the activ-
ity of ICIs in mouse models105. Pectin is known to be metabolized by 
several microbes associated with responsiveness to ICIs including  

F. prausnitzii and B. fragilis, as well as to stimulate mucin production172. 
However, determining whether dietary supplementation with this or 
similar prebiotics at tolerable doses is effective in patients with cancer 
requires further investigation.

A ketogenic diet characterized by high levels of fat, moderate lev-
els of protein and few carbohydrates has also been shown to enhance  
the antitumour activity of anti-PD-1 antibodies in mouse models, via the 
principal ketone body 3-hydroxybutyrate (3HB)173. 3HB mediates these 
effects by inducing immunostimulatory effects in the spleen, which 
promote the expansion of CXCR3+CD8+ T cells while also restraining 
the ICI-induced upregulation of PD-L1 on myeloid cells and leading 
to sustained T cell activity. The ketogenic diet resulted in substantial 
alterations in the gut microbiota. Nonetheless, the authors proposed 
that the microbiota does not have a central role in the antitumour 
effects of the diet as simultaneous administration of antibiotics had 
no meaningful effects on antitumour activity. Rather, the ketogenic 
diet appeared to directly stimulate the immune system. This strategy 
contrasts with the concept of a high-fibre diet conferring improve-
ments in antitumour immunity, although interestingly both 3HB and 
SCFAs can converge on similar pathways such as the metabolite-sensing 
receptor hydrocarboxylic acid receptor 2 (GPR109A)57,173. Together 
with data on fibre intake, these findings suggest that several different 
dietary strategies are possible and might benefit different individuals 
in terms of augmenting antitumour immunity. A clinical trial assessing 
the efficacy of a ketogenic diet involving either continuous or intermit-
tent scheduling or β-hydroxybutyrate supplementation in combina-
tion with nivolumab and ipilimumab in patients with metastatic RCC 
is currently underway (NCT05119010).

While diet shapes the composition of the microbiota, how an indi-
vidual responds to a particular dietary intervention is often depend-
ent on the composition of the individual’s baseline microbiota. For 
example, responses to supplementation with the same fibre-rich diet 
are often highly heterogeneous142,145,154,174. A higher ratio of Prevotella 
to Bacteroides is associated with the ability of fibre to improve glucose 
metabolism in individuals without cancer154. In another study, higher 
faecal butyrate levels were seen in individuals who had detectable 
R. bromii, prior to supplementation with resistant starch obtained from 
potatoes145. Interspecies competition within the microbiota shapes 
which microbes respond to given fibres (for example, species within 
the Bacteroides genus have overlapping capacities for the metabolism 
of glycans), and predicting which species will respond to a particular 
fibre supplementation requires consideration of microbial community 
context (such as which other Bacteroides species are present)142. This 
large degree of interindividual heterogeneity, which creates variable 
responses that seem to be dependent at least in part on the microbiota 
assemblage, presents a challenge to the design of effective therapeutic 
dietary interventions. This observation highlights the importance of a 
personalized rather than a ‘one size fits all’ approach that includes the 
consideration of ecological context and microbial community types. 
Another consideration is that different forms of dietary fibre have dif-
ferent prebiotic effects. This observation reflects the fact that microbes 
respond differently to fibre from different sources and that not all fibre 
is equally proficient at stimulating, for example, SCFA production145,164. 
Therefore, considerations of both the type of dietary fibre and an indi-
vidual’s baseline gut microbial composition are relevant to achieving 
the desired effects. Encouragingly, precision nutritional tools that inte-
grate data on the microbiota to predict individualized diets, here in the 
context of augmenting postprandial glycaemic spike in non-diabetic 
individuals156, are beginning to be developed.
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Antibiotics
Antibiotics are known to reduce microbial diversity and thus alter 
the composition of the microbiota. The activity of these agents has 
been extensively employed to study the role of the gut microbiota 
in a variety of inflammatory diseases and cancer175,176. For example, 
data from several preclinical studies indicate that antibiotics can sup-
press colon tumorigenesis through the elimination of carcinogenic 
bacteria177,178. Several preclinical studies have also shown that antibiotics 
can impair antitumour immunity in the context of both chemotherapy 
and immunotherapy77,79,119. In patients with cancer receiving ICIs, the 
use of antibiotics up to 30 days prior to the commencement of treat-
ment is associated with inferior outcomes179. In a prospective cohort 
of 69 patients with advanced-stage RCC, those who received antibiot-
ics within 2 months prior to treatment with anti-PD-1 antibodies had 
significantly reduced objective response rates than patients who did 
not (28% versus 9%; P < 0.03)180. These patients also had lower levels 
of microbial diversity. Data from a meta-analysis pooling data from 
11,959 patients receiving one or more ICIs across 38 studies highlighted 
the near-universal deleterious effects of antibiotics in this population, 
with antibiotic use being associated with increased mortality, particu-
larly when administered prior to treatment initiation98. In addition 
to response, several retrospective studies have found that antibiotic 
use prior to receiving ICIs is associated with an increased incidence of 
severe irAEs181,182. Data from another study demonstrate that antibiotic 
use, especially after initiation of treatment with ICIs, is associated with 
a higher risk of severe colitis183.

The use of antibiotics as a strategy to modulate the gut micro-
biota has been explored in certain conditions in an attempt to eradi-
cate harmful or pathogenic bacteria present within the microbiota; 
however, the non-specific nature of most antibiotics can also deplete 
beneficial commensals176. Overall, antibiotics are unlikely to be a useful 
strategy for improving the effectiveness of ICIs, and indeed should be 
avoided wherever possible. In some scenarios, however, antibiotics are 
unavoidable. Strategies to prevent antibiotic-induced dysbiosis and 
to limit the deleterious effects of these agents on the efficacy of ICIs 
are therefore of interest. For example, the administration of DAV132, 
an orally administered colon-targeting adsorbent, in combination 
with antibiotics has been shown to preserve microbial diversity184,185. 
Furthermore, the activity of anti-PD-1 antibodies was preserved in 
germ-free mice that received FMT from human volunteers without can-
cer who had received antibiotics in combination with DAV132 (ref. 185). 
This finding might also be relevant in the context of enhancing the 
engraftment of microbiome-targeting interventions.

Probiotics
Probiotics are preparations of live microbes that are administered in an 
attempt to improve the microbiota. Dietary interventions, including 
prebiotics, are largely intended to cultivate microbes that are already 
present in the gut ecosystem, whereas probiotics have the capacity 
to introduce new microbes that might not already be present. Typi-
cal over-the-counter probiotic formulations contain single strains of 
readily culturable microbes, such as Bifidobacterium and Lactobacillus 
species, which have been associated with certain anti-inflammatory 
properties in the gut186. However, advances in technology might 
soon enable the development of next-generation probiotics involv-
ing microbes that were previously limited by their stringent growth 
requirements, including strict anaerobes such as F. prausnitzii and 
A. muciniphila187,188. Probiotics featuring such microbes have shown 
convincing results in mice, whereby oral administration as adjuncts 

to single-strain probiotics restored the antitumour activity of ICIs 
and abrogated the effects of antibiotics and/or a less-favourable 
microbiota78,81,105.

The success and reproducibility of probiotics in humans, however, 
is affected by several factors associated with their composition, dose 
and ability to survive gastrointestinal transit, as well as their capacity 
to colonize the gut, in which the engraftment of probiotic strains has 
been shown to be strongly influenced by the pre-existing microbiota155. 
These considerations might contribute to the often heterogeneous 
responses to probiotic supplementation and complicate the ability to 
clinically assess the effectiveness of such interventions187. Conflicting 
evidence exists as to whether currently available probiotics offer any 
benefit or are even detrimental in the context of cancer98,159,160,189. In 
fact, probiotic use has been shown to impair microbiota reconstitu-
tion following administration of antibiotics in at least one study190. 
Over-the-counter probiotics might have detrimental effects on the 
outcomes in patients with cancer receiving ICIs, and have been associ-
ated with both lower levels of microbial diversity and lower response 
rates85. Furthermore, probiotic administration was found to impair 
tumour control following the administration of an anti-PD-L1 antibody 
in mice receiving FMT from an ICI-responding patient191. Synbiotics, 
which combine probiotics and prebiotics, might be a more success-
ful alternative to prebiotics in terms of facilitating microbial diversity 
and overcoming some of the limitations associated with single-strain 
probiotics. The introduction of precision approaches into the pro-
biotic space is also likely to enhance the reproducibility and efficacy 
of probiotics in terms of the ability to alter the microbiota, augment 
immune responses and thus support tumour clearance and/or limit 
the incidence and/or severity of irAEs. This could enable selection  
of the optimal probiotic in a way that is tailored to the needs of a specific 
patient and the patient’s microbiota160,187. Several clinical trials testing 
these personalized approaches are currently underway (NCT04699721, 
NCT03829111 and NCT04601402). In one of these phase I studies, 
CBM588, a bifidogenic probiotic strain did not substantially change 
the overall abundance of Bifidobacterium. However, an increase was 
observed in responders, and patients receiving the probiotic in com-
bination with ipilimumab and nivolumab had significantly longer PFS 
than those receiving ipilimumab plus nivolumab only (12.7 months 
versus 2.5 months, HR 0.15, 95% CI 0.05–0.47; P = 0.001)192.

FMT
FMT involves the transfer of a donor’s microbial ecosystem to a recipient, 
usually via either colonoscopy or as orally administered capsules. FMT 
is routinely used to treat recurrent Clostridium difficile infections, and 
has an established safety profile in that setting193,194. Two phase I trials 
have assessed the safety and feasibility of FMT in combination with the 
reintroduction of an anti-PD-1 antibody in patients with metastatic mela-
noma who had previously progressed on immunotherapy195,196. These 
studies were not scaled to assess efficacy; nonetheless, preliminary data 
are promising and indicate that FMT in combination with the reintro-
duction of an anti-PD-1 antibody is not only safe and feasible but can 
potentially overcome resistance in a subset of patients. The responses 
seen across both studies were contingent on successful engraftment and 
were associated with favourable immune reprogramming both locally 
in the gut and in the TME195,196. Determining whether the lack of response 
to ICI rechallenge is linked with the engraftment of transplanted mate-
rial, the circumstances of disease progression and/or tumour-intrinsic 
factors will be an important step in truly assessing the efficacy of FMT 
in this setting. As such, any future clinical trials will need to be carefully 
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designed. Concurrent assessments of the roles of the microbiota and 
tumour-intrinsic factors will be important to achieving this goal.

FMT engraftment can potentially be enhanced by using antibiotics 
to clear microbial niches prior to transplantation. Data from the two 
previously mentioned phase I trials demonstrate this incongruence in 
the success of FMT engraftment. Administration of antibiotics before 
treatment, as used in one study191, resulted in more successful engraft-
ment than in the other study192 in which competition between donor 
and recipient microbes in the absence of antibiotics is likely to have 
influenced the ability of the transplanted material to modulate the 
microbiota195,196. Antibiotics do not appear to reduce the effectiveness 
of FMT and provide a potential means to reduce the extent of inter-
individual engraftment variation enabling the clearer delineation of 
the mechanisms underpinning efficacy. An evident gap in our under-
standing of the mechanisms through which FMT modulates immune 
function continues to exist; nonetheless, the nature of FMT enables the 
transfer of both the putative favourable immunogenic microbes and 
their diverse supporting ecosystem. Selection of the most appropriate 
donors will be crucial to the outcome of future studies. Nonetheless, 
the ‘ideal’ microbiota in terms of facilitating a good response to ICIs, 
and therefore the ideal donor, remains to be defined. This limitation 
can be partially overcome using donor material from patients with 
metastatic melanoma who had a durable complete response to an 
anti-PD-1 antibody. However, such strategies might have limited scal-
ability. Several phase I and II trials seeking to determine the effects  
of FMT using a variety of donor sources and strategies on the efficacy of 
ICIs in patients with melanoma and in several other solid tumour types 
including NSCLC, RCC and prostate cancer in both the treatment-naive 
and refractory settings have recently been completed or are ongo-
ing (NCT03772899, NCT04951583, NCT04577729, NCT05251389, 
NCT04758507, NCT04988841, NCT04521075, NCT04116775 and 
NCT05008861). Preliminary results from a phase I trial involving 
patients with anti-PD-1 antibody-naive advanced-stage melanoma 
who underwent FMT derived from a donor without cancer prior to 
receiving an anti-PD-1 antibody suggest that FMT might ameliorate 
primary resistance197. Phase II trials involving larger cohorts of patients 
with ICI-naive disease are now being conducted (NCT04951583).

Beyond modulating responsiveness to ICIs, FMT might also have a 
role in ameliorating susceptibility to toxicities. The initial case series of 
two patients with ICI-induced colitis who were successfully treated with 
FMT was reported in 2018 (ref. 198). This reported success supported 
the feasibility of modulating the gut microbiota to reduce the risk of 
severe irAEs. Several trials exploring the efficacy of FMT in patients 
with steroid-refractory ICI-induced colitis have been conducted or 
are ongoing (NCT03819296, NCT04038619 and NCT04883762). 
Preliminary data from 37 patients enrolled in these trials indicate a 
symptom response rate of 83.7% and remission of colitis symptoms  
in 94.6% within 12 weeks of FMT, highlighting a potential role of FMT in  
this setting199. A trial investigating prophylactic FMT with the aim of 
reducing the risk of ICI-induced colitis in patients with RCC receiving 
ipilimumab plus nivolumab is currently ongoing (NCT04163289).

Designer consortia and other microbial strategies
Administration of a defined microbial consortium of cultivated spe-
cies provides an alternative gut microbiota modulation strategy that 
balances the benefits of the ecological complexity of FMT with the scal-
ability and practicality of probiotics. Currently, three registered trials 
(NCT03686202, NCT03817125 and NCT04208958) combining such 
consortia with ICIs in patients with advanced-stage cancers have been 

conducted. Preliminary data from one of these trials (NCT03686202) 
were reported in February 2023 (ref. 200). In this study, patients received 
MET4, an orally administered microbial ecosystem therapeutic compris-
ing 30 species isolated from a donor without cancer that have previously 
been associated with responsiveness to ICIs in 40 patients with a range 
of advanced-stage solid tumours. MET4 was found to increase the rela-
tive abundance of MET4 taxa in a subset of patients (increases in more 
than five MET4 taxa were observed in 35% of recipients), although the 
extent and number of species changes varied substantially between 
patients. This intervention was found to be safe and tolerable with evi-
dence of shifts in plasma metabolite levels in patients with successful 
engraftment200. Similar limited levels of engraftment were found in the 
MCGRAW trial (NCT03817125), which involved the administration of 
SER-401, a microbiome therapeutic enriched in Ruminococcaceae, to 
patients with metastatic melanoma. SER-401 administered in combina-
tion with an anti-PD-1 antibody was found to be safe and well tolerated, 
although the trial was terminated early as patients receiving SER-401 
had a lower disease control rate (37.5% versus 83.3%). The investigators 
surmised that this reduction might have been linked with the antibiotic 
preparative treatment that was included in this trial201.

An improved understanding of the mechanisms through which 
FMT can modulate immune function will enable the development of 
more specific approaches. These approaches might include inter-
ventions using postbiotics (metabolically or biologically active 
microbial-derived compounds) rather than the microbes themselves 
to achieve the desired effect159,160. Such compounds could serve as 
powerful adjuvants for use with ICIs that also bypass at least some of the 
limitations associated with microbial heterogeneity. An example of 
an alternative strategy leveraging microbes to enhance the efficacy 
of ICIs without specifically targeting the microbiota is provided by 
the ROSALIE trial (NCT04116658). This study was designed to test a 
therapeutic vaccine comprising gut microbiota-derived peptides 
designed to activate commensal-specific memory T cells that are able 
to cross-react with highly homologous tumour antigens plus nivolumab 
in patients with glioblastoma202. Preliminary data indicate robust 
immune responses to at least one of the three microbiota-derived 
peptides in almost all patients, suggesting that this approach might 
be effective in patients with neoantigen-low tumours203.

Lessons learned from early trials
 1. Microbial engraftment and/or an ecological response is the first 

key hurdle for any microbiota-targeting therapy. The available 
data from phase I studies indicate suboptimal levels of engraft-
ment and/or variable responses across all modalities192,195,196,200,201. 
This heterogeneity probably  reflects the variations inherent to 
the native microbiota and diet of each patient. Phase I trials are 
not scaled to assess efficacy; nonetheless, the available early 
phase data demonstrate that responses to ICIs in patients who 
were previously refractory to these agents are contingent on 
successful engraftment195,196. Enhancing or reproducibly pre-
dicting successful engraftment will therefore be a key challenge. 
Results on the use of antibiotics to deplete the native microbiota 
and thus promote engraftment without impairing the efficacy of 
ICIs are currently discordant195,201.

 2. The development of interventions that are both scalable and 
reproducible will be an important step. Trials testing FMT also 
provide the opportunity to enhance our mechanistic under-
standing, although a key goal should be to progress towards 
more specific and reproducible interventions, which might take 
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the form of defined consortia and/or probiotics, or microbial 
products and/or metabolites. The identity of the ideal microbio-
ta and the most effective donor strategy are also both currently 
unclear. A variety of approaches are therefore being assessed, 
including FMT from donors who had a response to ICIs, from 

those without cancer or from pooled donors, as well as making 
comparisons with FMT from patients who do not respond to ICIs 
to control for possible intervention-related effects.

 3. In an ICI-naive cohort, a response to one or more ICIs would 
be expected in a substantial proportion of patients (typically 
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• Specific prebiotics, probiotic microbes 
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Fig. 3 | Integrating the gut microbiota with immunological and tumour-
intrinsic factors for personalized treatment approaches. A variety of 
factors can influence whether or not a patient will respond to an immune-
checkpoint inhibitor (ICI) and/or whether immune-related adverse events (irAEs) 
are likely to accompany such treatment. These include tumour-intrinsic factors, 
immunological parameters (intratumoural and systemic), clinical factors 
and the gut microbiota. Current strategies for assessing interventions 
targeting the gut microbiota in combination with ICIs involve giving all 
patients the same intervention irrespective of their baseline gut microbiota 
or diet. Future approaches should use a patient’s baseline gut microbiota to 

determine the most appropriate targeted intervention. Microbial ecology or 
community assemblages (ecotype) should also be accounted for in predicting 
clinical outcomes and in selecting the most appropriate intervention. This 
approach might progress towards personalized treatment guided by the gut 
microbiota in combination with other clinical factors and tumour or immune 
biomarkers. CRP, C-reactive protein; FMT, faecal microbiota transplantation; 
IDO, indoleamine-2,3-dioxygenase; LDH, lactate dehydrogenase; NLR, neutrophil 
to lymphocyte ratio; NR, non-response; PBMC, peripheral blood mononuclear 
cell; R, response; TMB, tumour mutational burden.
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around 50% of patients with metastatic melanoma). By contrast, 
response rates in patients who are rechallenged with anti-PD-1 
antibodies following previous disease progression can be very 
low depending on the circumstances of progression. Patients 
who previously had a response and had disease progression 
off-therapy might respond well to rechallenge162. Those with 
primary resistance might respond to the introduction of an 
additional ICI204,205, but usually do not respond to rechallenge 
with an anti-PD-1 antibody only.

 4. Clinically homogeneous trial populations, including consid-
erations of previous cancer treatments received, tumour type, 
location and stage, and ICI regimen, will be particularly impor-
tant when assessing the efficacy of specific microbial interven-
tions. Previous lines of therapy or associated antibiotic use, 
for example, might all influence the ecological response to a 
microbiota-targeting intervention. Furthermore, the optimal 
microbial profile might differ between tumour types. For exam-
ple, whether the gut microbiota that best promotes responsive-
ness to ICIs in patients with melanoma is the same as the one 
that best promotes responsiveness in patients with NSCLC is 
currently unclear.

 5. Robust complementary analyses of tumour material will be 
important for linking ecological responsiveness or interven-
tion engraftment with tumour responsiveness. This aspect is 
particularly relevant given that, even if an intervention can shift 
the gut microbiota and metabolome towards a more favour-
able immuno logical phenotype, this might only translate into 
enhanced responsiveness to ICIs if the tumour is intrinsically 
amenable to clearance by the immune system (for example, 
the tumour does not overexpress or acquire mutations in genes 
associated with antigen presentation and/or immune exclusion) 
and might be particularly relevant in patients with acquired 
resistance to ICIs.

 6. Results from the phase I controlled feeding study 
(NCT04645680) indicate the feasibility of, and compliance 
with, a high-fibre intervention supported by rapid shifts in the 
gut microbiota and metabolome169,170. However, the outcomes 
also highlight the difficulty of changing ingrained dietary pat-
terns, with patients often reverting to their previous low-fibre 
diet followed by the re-emergence of the ‘native’ microbiota 
and/or metabolic state upon intervention withdrawal. Nonethe-
less, this observation does not preclude the potential utility of 
short-term dietary interventions designed to optimize treat-
ment outcomes; that is, long-term and/or lifetime microbiome–
immune homeostasis does not necessarily need to be overcome 
permanently if temporal, rapid shifts can effectively improve 
the outcomes in patients receiving ICIs.

Conclusions
The study of the gut microbiota in the context of cancer and cancer 
treatment is an exciting and rapidly evolving field. Substantial evi-
dence now exists indicating that the microbiota has a pivotal role in 
shaping immune function and that modulating the gut microbiota 
can alter and/or reprogramme antitumour immunity. Targeting the 
gut microbiota therefore provides a powerful tool to overcome resist-
ance to ICIs, to reduce the risks of developing severe toxicities and to 
prevent clinically significant morbidities. Considerable advances are 
anticipated in this field over the coming decades with the translation of 
findings from both preclinical and clinical studies into improvements 

in clinical practice. However, the microbiota is only one of many fac-
tors capable of influencing the efficacy of ICIs and, although modulat-
ing the microbiota could have profound effects in a substantial subset 
of individuals, it is likely that such interventions will not be uniformly 
effective at enhancing the activity of ICIs. For this purpose, it is likely 
that a range of complementary approaches will need to be developed. 
Ultimately, combining microbiota-related metrics with other clinical and 
tumour-related factors will enable the optimal clinical utilization of the 
microbiota, both as a biomarker and to harness its potential as a readily 
modifiable therapeutic target (Fig. 3). Much progress has been made, 
although many questions remain unanswered. For example, what is the 
ideal microbiota for enhancing the outcomes in patients receiving ICIs? 
Which patients will derive the most clinical benefit from manipulation of 
the microbiota? Can we simultaneously enhance antitumour immunity 
and limit immune-mediated toxicities? What is the best strategy for 
modulating the microbiota? Interindividual microbial heterogeneity 
poses a major challenge both in terms of studying the microbiota across 
human populations and in the translation of microbial findings into clini-
cal interventions capable of reproducibly modulating the microbiota. 
However, as the field evolves, and with the careful design of clinical trials, 
enhanced precision and a more personalized approach tailored towards 
an individual and their microbiota, improved outcomes can be achieved.
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References
1. Rotte, A., Jin, J. Y. & Lemaire, V. Mechanistic overview of immune checkpoints to support 

the rational design of their combinations in cancer immunotherapy. Ann. Oncol. 29, 
71–83 (2018).

2. Topalian, S. L. et al. Safety, activity, and immune correlates of anti-PD-1 antibody in 
cancer. N. Engl. J. Med. 366, 2443–2454 (2012).

3. Escudier, B. et al. CheckMate 025 randomized phase 3 study: outcomes by key baseline 
factors and prior therapy for nivolumab versus everolimus in advanced renal cell carcinoma. 
Eur. Urol. 72, 962–971 (2017).

4. Motzer, R. J. et al. Nivolumab plus ipilimumab versus sunitinib in first-line treatment 
for advanced renal cell carcinoma: extended follow-up of efficacy and safety 
results from a randomised, controlled, phase 3 trial. Lancet Oncol. 20, 1370–1385  
(2019).

5. Reck, M. et al. Pembrolizumab versus chemotherapy for PD-L1-positive non-small-cell 
lung cancer. N. Engl. J. Med. 375, 1823–1833 (2016).

6. Wakabayashi, G. et al. Development and clinical applications of cancer immunotherapy 
against PD-1 signaling pathway. J. Biomed. Sci. 26, 96 (2019).

7. Wolchok, J. D. et al. Long-term outcomes with nivolumab plus ipilimumab or nivolumab 
alone versus ipilimumab in patients with advanced melanoma. J. Clin. Oncol. 40, 127–137 
(2022).

8. Larkin, J. et al. Combined nivolumab and ipilimumab or monotherapy in untreated 
melanoma. N. Engl. J. Med. 373, 23–34 (2015).

9. Luke, J. J., Flaherty, K. T., Ribas, A. & Long, G. V. Targeted agents and immunotherapies: 
optimizing outcomes in melanoma. Nat. Rev. Clin. Oncol. 14, 463–482 (2017).

10. Wolchok, J. D. et al. Overall survival with combined nivolumab and ipilimumab in 
advanced melanoma. N. Engl. J. Med. 377, 1345–1356 (2017).

11. Belkaid, Y. & Naik, S. Compartmentalized and systemic control of tissue immunity by 
commensals. Nat. Immunol. 14, 646–653 (2013).

12. Schluter, J. et al. The gut microbiota is associated with immune cell dynamics in humans. 
Nature 588, 303–307 (2020).

13. Trompette, A. et al. Gut microbiota metabolism of dietary fiber influences allergic airway 
disease and hematopoiesis. Nat. Med. 20, 159–166 (2014).

14. Roy, S. & Trinchieri, G. Microbiota: a key orchestrator of cancer therapy. Nat. Rev. Cancer 
17, 271–285 (2017).

15. Zheng, D., Liwinski, T. & Elinav, E. Interaction between microbiota and immunity in health 
and disease. Cell Res. 30, 492–506 (2020).

16. Filyk, H. A. & Osborne, L. C. The multibiome: the intestinal ecosystem’s influence 
on immune homeostasis, health, and disease. EBioMedicine 13, 46–54 (2016).

17. Yi, M. et al. Gut microbiome modulates efficacy of immune checkpoint inhibitors. 
J. Hematol. Oncol. 11, 47 (2018).

18. Marchesi, J. R. et al. The gut microbiota and host health: a new clinical frontier. Gut 65, 
330–339 (2016).

19. O’Donnell, J. S., Teng, M. W. L. & Smyth, M. J. Cancer immunoediting and resistance 
to T cell-based immunotherapy. Nat. Rev. Clin. Oncol. 16, 151–167 (2019).

20. Zitvogel, L., Tesniere, A. & Kroemer, G. Cancer despite immunosurveillance: 
immunoselection and immunosubversion. Nat. Rev. Immunol. 6, 715–727 (2006).



Nature Reviews Clinical Oncology | Volume 20 | October 2023 | 697–715 713

Review article

21. Huang, A. C. & Zappasodi, R. A decade of checkpoint blockade immunotherapy in 
melanoma: understanding the molecular basis for immune sensitivity and resistance. 
Nat. Immunol. 23, 660–670 (2022).

22. Weber, J. S. Biomarkers for checkpoint inhibition. Am. Soc. Clin. Oncol. Educ. Book 37, 
205–209 (2017).

23. Azimi, F. et al. Tumor-infiltrating lymphocyte grade is an independent predictor of 
sentinel lymph node status and survival in patients with cutaneous melanoma. J. Clin. 
Oncol. 30, 2678–2683 (2012).

24. Tumeh, P. C. et al. PD-1 blockade induces responses by inhibiting adaptive immune 
resistance. Nature 515, 568–571 (2014).

25. Rizvi, N. A. et al. Cancer immunology. Mutational landscape determines sensitivity to 
PD-1 blockade in non-small cell lung cancer. Science 348, 124–128 (2015).

26. Ayers, M. et al. IFN-γ-related mRNA profile predicts clinical response to PD-1 blockade. 
J. Clin. Invest. 127, 2930–2940 (2017).

27. Spranger, S. et al. Density of immunogenic antigens does not explain the presence or 
absence of the T-cell-inflamed tumor microenvironment in melanoma. Proc. Natl Acad. 
Sci. USA 113, E7759–E7768 (2016).

28. Blank, C. U., Haanen, J. B., Ribas, A. & Schumacher, T. N. Cancer immunology. the “cancer 
immunogram”. Science 352, 658–660 (2016).

29. Spranger, S., Sivan, A., Corrales, L. & Gajewski, T. F. Tumor and host factors controlling 
antitumor immunity and efficacy of cancer immunotherapy. Adv. Immunol. 130, 75–93 
(2016).

30. Carlino, M. S., Larkin, J. & Long, G. V. Immune checkpoint inhibitors in melanoma. Lancet 
398, 1002–1014 (2021).

31. Eggermont, A. M. M. et al. Association between immune-related adverse events and 
recurrence-free survival among patients with stage III melanoma randomized to receive 
pembrolizumab or placebo: a secondary analysis of a randomized clinical trial. JAMA 
Oncol. 6, 519–527 (2020).

32. Young, A., Quandt, Z. & Bluestone, J. A. The balancing act between cancer immunity and 
autoimmunity in response to immunotherapy. Cancer Immunol. Res. 6, 1445–1452 (2018).

33. Belkaid, Y. & Harrison, O. J. Homeostatic immunity and the microbiota. Immunity 46, 
562–576 (2017).

34. Bouskra, D. et al. Lymphoid tissue genesis induced by commensals through NOD1 
regulates intestinal homeostasis. Nature 456, 507–510 (2008).

35. Hooper, L. V., Littman, D. R. & Macpherson, A. J. Interactions between the microbiota and 
the immune system. Science 336, 1268–1273 (2012).

36. Cahenzli, J., Koller, Y., Wyss, M., Geuking, M. B. & McCoy, K. D. Intestinal microbial 
diversity during early-life colonization shapes long-term IgE levels. Cell Host Microbe 14, 
559–570 (2013).

37. McCoy, K. D. et al. Natural IgE production in the absence of MHC class II cognate help. 
Immunity 24, 329–339 (2006).

38. Grainger, J., Daw, R. & Wemyss, K. Systemic instruction of cell-mediated immunity by the 
intestinal microbiome. F1000Res 7, PMC6290979 (2018).

39. Wu, H. J. et al. Gut-residing segmented filamentous bacteria drive autoimmune arthritis 
via T helper 17 cells. Immunity 32, 815–827 (2010).

40. Lee, Y. K., Menezes, J. S., Umesaki, Y. & Mazmanian, S. K. Proinflammatory T-cell 
responses to gut microbiota promote experimental autoimmune encephalomyelitis. 
Proc. Natl Acad. Sci. USA 108, 4615–4622 (2011).

41. Teng, F. et al. Gut microbiota drive autoimmune arthritis by promoting differentiation and 
migration of Peyer’s patch T follicular helper cells. Immunity 44, 875–888 (2016).

42. Muschaweck, M. et al. Cognate recognition of microbial antigens defines constricted 
CD4+ T cell receptor repertoires in the inflamed colon. Immunity 54, 2565–2577.e6 
(2021).

43. Ansaldo, E. et al. Akkermansia muciniphila induces intestinal adaptive immune responses 
during homeostasis. Science 364, 1179–1184 (2019).

44. Yang, Y. et al. Focused specificity of intestinal TH17 cells towards commensal bacterial 
antigens. Nature 510, 152–156 (2014).

45. Wegorzewska, M. M. et al. Diet modulates colonic T cell responses by regulating the 
expression of a Bacteroides thetaiotaomicron antigen. Sci. Immunol. 4, eaau9079 (2019).

46. Lindner, C. et al. Diversification of memory B cells drives the continuous adaptation of 
secretory antibodies to gut microbiota. Nat. Immunol. 16, 880–888 (2015).

47. Yang, C. et al. Immunoglobulin A antibody composition is sculpted to bind the self gut 
microbiome. Sci. Immunol. 7, eabg3208 (2022).

48. Zmora, N., Suez, J. & Elinav, E. You are what you eat: diet, health and the gut microbiota. 
Nat. Rev. Gastroenterol. Hepatol. 16, 35–56 (2019).

49. Alexander, M. & Turnbaugh, P. J. Deconstructing mechanisms of diet-microbiome-immune 
interactions. Immunity 53, 264–276 (2020).

50. Tan, J., Ni, D., Ribeiro, R. V., Pinget, G. V. & Macia, L. How changes in the nutritional 
landscape shape gut immunometabolism. Nutrients 13, 823 (2021).

51. Oliphant, K. & Allen-Vercoe, E. Macronutrient metabolism by the human gut microbiome: 
major fermentation by-products and their impact on host health. Microbiome 7, 91 
(2019).

52. Rowland, I. et al. Gut microbiota functions: metabolism of nutrients and other food 
components. Eur. J. Nutr. 57, 1–24 (2018).

53. Wells, J. M., Rossi, O., Meijerink, M. & van Baarlen, P. Epithelial crosstalk at the 
microbiota–mucosal interface. Proc. Natl Acad. Sci. USA 108, 4607–4614 (2011).

54. Tan, J. K., McKenzie, C., Marino, E., Macia, L. & Mackay, C. R. Metabolite-sensing 
G protein-coupled receptors – facilitators of diet-related immune regulation. Annu. Rev. 
Immunol. 35, 371–402 (2017).

55. Tan, J. et al. The role of short-chain fatty acids in health and disease. Adv. Immunol. 121, 
91–119 (2014).

56. Parada Venegas, D. et al. Short chain fatty acids (SCFAs)-mediated gut epithelial and 
immune regulation and its relevance for inflammatory bowel diseases. Front. Immunol. 
10, 277 (2019).

57. Macia, L. et al. Metabolite-sensing receptors GPR43 and GPR109A facilitate dietary 
fibre-induced gut homeostasis through regulation of the inflammasome. Nat. Commun. 
6, 6734 (2015).

58. Chen, J., Zhao, K. N. & Vitetta, L. Effects of intestinal microbial-elaborated butyrate on 
oncogenic signaling pathways. Nutrients 11, 1026 (2019).

59. O’Keefe, S. J. et al. Fat, fibre and cancer risk in African Americans and rural Africans. 
Nat. Commun. 6, 6342 (2015).

60. Donohoe, D. R. et al. A gnotobiotic mouse model demonstrates that dietary fiber protects 
against colorectal tumorigenesis in a microbiota- and butyrate-dependent manner. 
Cancer Discov. 4, 1387–1397 (2014).

61. Aune, D. et al. Dietary fibre, whole grains, and risk of colorectal cancer: systematic review 
and dose-response meta-analysis of prospective studies. BMJ 343, d6617 (2011).

62. Tang, Y., Chen, Y., Jiang, H., Robbins, G. T. & Nie, D. G-protein-coupled receptor for 
short-chain fatty acids suppresses colon cancer. Int. J. Cancer 128, 847–856 (2011).

63. Borthakur, A. et al. A novel nutrient sensing mechanism underlies substrate-induced 
regulation of monocarboxylate transporter-1. Am. J. Physiol. Gastrointest. Liver Physiol. 
303, G1126–G1133 (2012).

64. Arpaia, N. et al. Metabolites produced by commensal bacteria promote peripheral 
regulatory T-cell generation. Nature 504, 451–455 (2013).

65. Furusawa, Y. et al. Commensal microbe-derived butyrate induces the differentiation 
of colonic regulatory T cells. Nature 504, 446–450 (2013).

66. Smith, P. M. et al. The microbial metabolites, short-chain fatty acids, regulate colonic 
Treg cell homeostasis. Science 341, 569–573 (2013).

67. Tan, J. et al. Dietary fiber and bacterial SCFA enhance oral tolerance and protect against 
food allergy through diverse cellular pathways. Cell Rep. 15, 2809–2824 (2016).

68. Tedelind, S., Westberg, F., Kjerrulf, M. & Vidal, A. Anti-inflammatory properties of the 
short-chain fatty acids acetate and propionate: a study with relevance to inflammatory 
bowel disease. World J. Gastroenterol. 13, 2826–2832 (2007).

69. Yu, L. C. Microbiota dysbiosis and barrier dysfunction in inflammatory bowel disease 
and colorectal cancers: exploring a common ground hypothesis. J. Biomed. Sci. 25, 
79 (2018).

70. Chiba, M., Nakane, K. & Komatsu, M. Westernized diet is the most ubiquitous 
environmental factor in inflammatory bowel disease. Perm. J. 23, 18–107 (2019).

71. Beyaz, S. et al. Dietary suppression of MHC class II expression in intestinal epithelial cells 
enhances intestinal tumorigenesis. Cell Stem Cell 28, 1922–1935.e5 (2021).

72. Rubio-Patino, C. et al. Low-protein diet induces IRE1α-dependent anticancer 
immunosurveillance. Cell Metab. 27, 828–842.e7 (2018).

73. Sonnenburg, J. L. et al. Glycan foraging in vivo by an intestine-adapted bacterial 
symbiont. Science 307, 1955–1959 (2005).

74. Desai, M. S. et al. A dietary fiber-deprived gut microbiota degrades the colonic mucus 
barrier and enhances pathogen susceptibility. Cell 167, 1339–1353.e21 (2016).

75. Schwerbrock, N. M. et al. Interleukin 10-deficient mice exhibit defective colonic Muc2 
synthesis before and after induction of colitis by commensal bacteria. Inflamm. Bowel 
Dis. 10, 811–823 (2004).

76. Van der Sluis, M. et al. Muc2-deficient mice spontaneously develop colitis, indicating 
that MUC2 is critical for colonic protection. Gastroenterology 131, 117–129 (2006).

77. Iida, N. et al. Commensal bacteria control cancer response to therapy by modulating the 
tumor microenvironment. Science 342, 967–970 (2013).

78. Sivan, A. et al. Commensal Bifidobacterium promotes antitumor immunity and facilitates 
anti-PD-L1 efficacy. Science 350, 1084–1089 (2015).

79. Vetizou, M. et al. Anticancer immunotherapy by CTLA-4 blockade relies on the gut 
microbiota. Science 350, 1079–1084 (2015).

80. Matson, V. et al. The commensal microbiome is associated with anti-PD-1 efficacy in 
metastatic melanoma patients. Science 359, 104–108 (2018).

81. Routy, B. et al. Gut microbiome influences efficacy of PD-1-based immunotherapy against 
epithelial tumors. Science 359, 91–97 (2018).

82. Gopalakrishnan, V. et al. Gut microbiome modulates response to anti-PD-1 
immunotherapy in melanoma patients. Science 359, 97–103 (2018).

83. Chaput, N. et al. Baseline gut microbiota predicts clinical response and colitis in 
metastatic melanoma patients treated with ipilimumab. Ann. Oncol. 28, 1368–1379 
(2017).

84. Frankel, A. E. et al. Metagenomic shotgun sequencing and unbiased metabolomic 
profiling identify specific human gut microbiota and metabolites associated with 
immune checkpoint therapy efficacy in melanoma patients. Neoplasia 19, 848–855 
(2017).

85. Spencer, C. N. et al. Dietary fiber and probiotics influence the gut microbiome and 
melanoma immunotherapy response. Science 374, 1632–1640 (2021).

86. Andrews, M. C. et al. Gut microbiota signatures are associated with toxicity to combined 
CTLA-4 and PD-1 blockade. Nat. Med. 27, 1432–1441 (2021).

87. Lee, K. A. et al. Cross-cohort gut microbiome associations with immune checkpoint 
inhibitor response in advanced melanoma. Nat. Med. 28, 535–544 (2022).

88. McCulloch, J. A. et al. Intestinal microbiota signatures of clinical response and 
immune-related adverse events in melanoma patients treated with anti-PD-1. Nat. Med. 
28, 545–556 (2022).



Nature Reviews Clinical Oncology | Volume 20 | October 2023 | 697–715 714

Review article

89. Simpson, R. C. et al. Diet-driven microbial ecology underpins associations between 
cancer immunotherapy outcomes and the gut microbiome. Nat. Med. 28, 2344–2352 
(2022).

90. Harkiolaki, M. et al. T cell-mediated autoimmune disease due to low-affinity 
crossreactivity to common microbial peptides. Immunity 30, 348–357 (2009).

91. Horai, R. et al. Microbiota-dependent activation of an autoreactive T cell receptor provokes 
autoimmunity in an immunologically privileged site. Immunity 43, 343–353 (2015).

92. Gil-Cruz, C. et al. Microbiota-derived peptide mimics drive lethal inflammatory 
cardiomyopathy. Science 366, 881–886 (2019).

93. Fluckiger, A. et al. Cross-reactivity between tumor MHC class I-restricted antigens and 
an enterococcal bacteriophage. Science 369, 936–942 (2020).

94. Bessell, C. A. et al. Commensal bacteria stimulate antitumor responses via T cell 
cross-reactivity. JCI Insight 5, e135597 (2020).

95. Daillere, R. et al. Enterococcus hirae and Barnesiella intestinihominis facilitate 
cyclophosphamide-induced therapeutic immunomodulatory effects. Immunity 45, 
931–943 (2016).

96. Chieppa, M., Rescigno, M., Huang, A. Y. & Germain, R. N. Dynamic imaging of dendritic 
cell extension into the small bowel lumen in response to epithelial cell TLR engagement. 
J. Exp. Med. 203, 2841–2852 (2006).

97. Overacre-Delgoffe, A. E. & Hand, T. W. Regulation of tissue-resident memory T cells by 
the microbiota. Mucosal Immunol. 15, 408–417 (2022).

98. Derosa, L. et al. Microbiota-centered interventions: the next breakthrough in 
immuno-oncology? Cancer Discov. 11, 2396–2412 (2021).

99. Fessler, J., Matson, V. & Gajewski, T. F. Exploring the emerging role of the microbiome 
in cancer immunotherapy. J. Immunother. Cancer 7, 108 (2019).

100. Viaud, S. et al. The intestinal microbiota modulates the anticancer immune effects 
of cyclophosphamide. Science 342, 971–976 (2013).

101. Tanoue, T. et al. A defined commensal consortium elicits CD8 T cells and anti-cancer 
immunity. Nature 565, 600–605 (2019).

102. Griffin, M. E. et al. Enterococcus peptidoglycan remodeling promotes checkpoint 
inhibitor cancer immunotherapy. Science 373, 1040–1046 (2021).

103. Ansaldo, E. & Belkaid, Y. How microbiota improve immunotherapy. Science 373, 966–967 
(2021).

104. Mager, L. F. et al. Microbiome-derived inosine modulates response to checkpoint 
inhibitor immunotherapy. Science 369, 1481–1489 (2020).

105. Lam, K. C. et al. Microbiota triggers STING-type I IFN-dependent monocyte 
reprogramming of the tumor microenvironment. Cell 184, 5338–5356.e21 (2021).

106. Wang, H. et al. The microbial metabolite trimethylamine N-oxide promotes antitumor 
immunity in triple-negative breast cancer. Cell Metab. 34, 581–594.e8 (2022).

107. Mirji, G. et al. The microbiome-derived metabolite TMAO drives immune activation and 
boosts responses to immune checkpoint blockade in pancreatic cancer. Sci. Immunol. 7, 
eabn0704 (2022).

108. Tintelnot, J. et al. Microbiota-derived 3-IAA influences chemotherapy efficacy in 
pancreatic cancer. Nature 615, 168–174 (2023).

109. Nomura, M. et al. Association of short-chain fatty acids in the gut microbiome with 
clinical response to treatment with nivolumab or pembrolizumab in patients with solid 
cancer tumors. JAMA Netw. Open 3, e202895 (2020).

110. Botticelli, A. et al. Gut metabolomics profiling of non-small cell lung cancer (NSCLC) 
patients under immunotherapy treatment. J. Transl. Med. 18, 49 (2020).

111. Coutzac, C. et al. Systemic short chain fatty acids limit antitumor effect of CTLA-4 
blockade in hosts with cancer. Nat. Commun. 11, 2168 (2020).

112. Han, K. et al. Generation of systemic antitumour immunity via the in situ modulation of 
the gut microbiome by an orally administered inulin gel. Nat. Biomed. Eng. 5, 1377–1388 
(2021).

113. de Groot, P. F. et al. Oral butyrate does not affect innate immunity and islet autoimmunity 
in individuals with longstanding type 1 diabetes: a randomised controlled trial. 
Diabetologia 63, 597–610 (2020).

114. Siddiqui, I. et al. Intratumoral Tcf1+PD-1+CD8+ T cells with stem-like properties promote 
tumor control in response to vaccination and checkpoint blockade immunotherapy. 
Immunity 50, 195–211.e10 (2019).

115. Bachem, A. et al. Microbiota-derived short-chain fatty acids promote the memory 
potential of antigen-activated CD8+ T cells. Immunity 51, 285–297.e5 (2019).

116. Ramos-Casals, M. et al. Immune-related adverse events of checkpoint inhibitors. 
Nat. Rev. Dis. Prim. 6, 38 (2020).

117. Luoma, A. M. et al. Molecular pathways of colon inflammation induced by cancer 
immunotherapy. Cell 182, 655–671.e22 (2020).

118. Dubin, K. et al. Intestinal microbiome analyses identify melanoma patients at risk for 
checkpoint-blockade-induced colitis. Nat. Commun. 7, 10391 (2016).

119. Routy, B. et al. The gut microbiota influences anticancer immunosurveillance and 
general health. Nat. Rev. Clin. Oncol. 15, 382–396 (2018).

120. Kostic, A. D., Xavier, R. J. & Gevers, D. The microbiome in inflammatory bowel disease: 
current status and the future ahead. Gastroenterology 146, 1489–1499 (2014).

121. Singh, R. K. et al. Influence of diet on the gut microbiome and implications for human 
health. J. Transl. Med. 15, 73 (2017).

122. Postow, M. A., Sidlow, R. & Hellmann, M. D. Immune-related adverse events associated 
with immune checkpoint blockade. N. Engl. J. Med. 378, 158–168 (2018).

123. Xing, P. et al. Incidence rates of immune-related adverse events and their correlation with 
response in advanced solid tumours treated with NIVO or NIVO+IPI: a systematic review 
and meta-analysis. J. Immunother. Cancer 7, 341 (2019).

124. Teulings, H. E. et al. Vitiligo-like depigmentation in patients with stage III-IV melanoma 
receiving immunotherapy and its association with survival: a systematic review and 
meta-analysis. J. Clin. Oncol. 33, 773–781 (2015).

125. Arbour, K. C. et al. Impact of baseline steroids on efficacy of programmed cell death-1 
and programmed death-ligand 1 blockade in patients with non-small-cell lung cancer. 
J. Clin. Oncol. 36, 2872–2878 (2018).

126. Fuca, G. et al. Modulation of peripheral blood immune cells by early use of steroids and 
its association with clinical outcomes in patients with metastatic non-small cell lung 
cancer treated with immune checkpoint inhibitors. ESMO Open. 4, e000457 (2019).

127. Bai, X. et al. Early use of high-dose-glucocorticoid for the management of irAE is 
associated with poorer survival in patients with advanced melanoma treated with 
anti-PD-1 monotherapy. Clin. Cancer Res. 27, 5993–6000 (2021).

128. Huang, E. Y. et al. Using corticosteroids to reshape the gut microbiome: implications for 
inflammatory bowel diseases. Inflamm. Bowel Dis. 21, 963–972 (2015).

129. Perez-Ruiz, E. et al. Prophylactic TNF blockade uncouples efficacy and toxicity in dual 
CTLA-4 and PD-1 immunotherapy. Nature 569, 428–432 (2019).

130. Wang, F., Yin, Q., Chen, L. & Davis, M. M. Bifidobacterium can mitigate intestinal 
immunopathology in the context of CTLA-4 blockade. Proc. Natl Acad. Sci. USA 115, 
157–161 (2018).

131. Sun, S. et al. Bifidobacterium alters the gut microbiota and modulates the functional 
metabolism of T regulatory cells in the context of immune checkpoint blockade. 
Proc. Natl Acad. Sci. USA 117, 27509–27515 (2020).

132. He, Y. et al. Regional variation limits applications of healthy gut microbiome reference 
ranges and disease mdels. Nat. Med. 24, 1532–1535 (2018).

133. Rothschild, D. et al. Environment dominates over host genetics in shaping human gut 
microbiota. Nature 555, 210–215 (2018).

134. Zhernakova, A. et al. Population-based metagenomics analysis reveals markers for gut 
microbiome composition and diversity. Science 352, 565–569 (2016).

135. Goodrich, J. K. et al. Human genetics shape the gut microbiome. Cell 159, 789–799 
(2014).

136. Turnbaugh, P. J. et al. The effect of diet on the human gut microbiome: a metagenomic 
analysis in humanized gnotobiotic mice. Sci. Transl. Med. 1, 6ra14 (2009).

137. Vieira-Silva, S. et al. Species–function relationships shape ecological properties of the 
human gut microbiome. Nat. Microbiol. 1, 16088 (2016).

138. Louca, S. et al. Function and functional redundancy in microbial systems. Nat. Ecol. Evol. 
2, 936–943 (2018).

139. Finlay, B. B. et al. Can we harness the microbiota to enhance the efficacy of cancer 
immunotherapy? Nat. Rev. Immunol. 20, 522–528 (2020).

140. Gharaibeh, R. Z. & Jobin, C. Microbiota and cancer immunotherapy: in search of 
microbial signals. Gut 68, 385–388 (2018).

141. Gibbons, S. M. Microbial community ecology: function over phylogeny. Nat. Ecol. Evol. 
1, 32 (2017).

142. Patnode, M. L. et al. Interspecies competition impacts targeted manipulation of human 
gut bacteria by fiber-derived glycans. Cell 179, 59–73.e13 (2019).

143. Bhatt, A. P., Redinbo, M. R. & Bultman, S. J. The role of the microbiome in cancer 
development and therapy. CA Cancer J. Clin. 67, 326–344 (2017).

144. Riviere, A., Selak, M., Lantin, D., Leroy, F. & De Vuyst, L. Bifidobacteria and 
butyrate-producing colon bacteria: importance and strategies for their stimulation 
in the human gut. Front. Microbiol. 7, 979 (2016).

145. Baxter, N. T. et al. Dynamics of human gut microbiota and short-chain fatty acids in 
response to dietary interventions with three fermentable fibers. mBio 10, e02566-18 
(2019).

146. Arumugam, M. et al. Enterotypes of the human gut microbiome. Nature 473, 174–180 
(2011).

147. Costea, P. I. et al. Enterotypes in the landscape of gut microbial community composition. 
Nat. Microbiol. 3, 8–16 (2018).

148. Rinninella, E. et al. What is the healthy gut microbiota composition? A changing 
ecosystem across age, environment, diet, and diseases. Microorganisms 7, 14 (2019).

149. Vieira-Silva, S. et al. Statin therapy is associated with lower prevalence of gut microbiota 
dysbiosis. Nature 581, 310–315 (2020).

150. Wu, G. D. et al. Linking long-term dietary patterns with gut microbial enterotypes. 
Science 334, 105–108 (2011).

151. David, L. A. et al. Diet rapidly and reproducibly alters the human gut microbiome. Nature 
505, 559–563 (2014).

152. Vieira-Silva, S. et al. Quantitative microbiome profiling disentangles inflammation- and 
bile duct obstruction-associated microbiota alterations across PSC/IBD diagnoses. 
Nat. Microbiol. 4, 1826–1831 (2019).

153. Manor, O. et al. Health and disease markers correlate with gut microbiome composition 
across thousands of people. Nat. Commun. 11, 5206 (2020).

154. Kovatcheva-Datchary, P. et al. Dietary fiber-induced improvement in glucose metabolism 
is associated with increased abundance of Prevotella. Cell Metab. 22, 971–982 (2015).

155. Zmora, N. et al. Personalized gut mucosal colonization resistance to empiric probiotics 
is associated with unique host and microbiome features. Cell 174, 1388–1405.e21  
(2018).

156. Zeevi, D. et al. Personalized nutrition by prediction of glycemic responses. Cell 163, 
1079–1094 (2015).

157. Jordan, E. J. et al. Prospective comprehensive molecular characterization of lung 
adenocarcinomas for efficient patient matching to approved and emerging therapies. 
Cancer Discov. 7, 596–609 (2017).



Nature Reviews Clinical Oncology | Volume 20 | October 2023 | 697–715 715

Review article

158. Zehir, A. et al. Mutational landscape of metastatic cancer revealed from prospective 
clinical sequencing of 10,000 patients. Nat. Med. 23, 703–713 (2017).

159. McQuade, J. L., Daniel, C. R., Helmink, B. A. & Wargo, J. A. Modulating the microbiome to 
improve therapeutic response in cancer. Lancet Oncol. 20, e77–e91 (2019).

160. Cullin, N., Azevedo Antunes, C., Straussman, R., Stein-Thoeringer, C. K. & Elinav, E. 
Microbiome and cancer. Cancer Cell 11, 1317–1341 (2021).

161. Jansen, Y. J. L. et al. Discontinuation of anti-PD-1 antibody therapy in the absence of 
disease progression or treatment limiting toxicity: clinical outcomes in advanced 
melanoma. Ann. Oncol. 30, 1154–1161 (2019).

162. Robert, C. et al. Pembrolizumab versus ipilimumab in advanced melanoma (KEYNOTE-006):  
post-hoc 5-year results from an open-label, multicentre, randomised, controlled, phase 3 
study. Lancet Oncol. 20, 1239–1251 (2019).

163. Simpson, R. C., Shanahan, E., Scolyer, R. A. & Long, G. V. Targeting the microbiome to 
overcome resistance. Cancer Cell 39, 151–153 (2021).

164. Walker, A. W. et al. Dominant and diet-responsive groups of bacteria within the human 
colonic microbiota. ISME J. 5, 220–230 (2011).

165. Zhu, C. et al. Human gut microbiome composition and tryptophan metabolites were 
changed differently by fast food and Mediterranean diet in 4 days: a pilot study. Nutr. Res. 
77, 62–72 (2020).

166. Reynolds, A. et al. Carbohydrate quality and human health: a series of systematic reviews 
and meta-analyses. Lancet 393, 434–445 (2019).

167. McDonald, D. et al. American gut: an open platform for citizen science microbiome 
research. mSystems 3, e00031-18 (2018).

168. Benus, R. F. et al. Association between Faecalibacterium prausnitzii and dietary fibre in 
colonic fermentation in healthy human subjects. Br. J. Nutr. 104, 693–700 (2010).

169. Mousavi, D. C. et al. Network analysis of gut microbiome throughout a whole foods based 
high fiber dietary intervention reveals complex community dynamics in melanoma 
survivors [abstract]. Cancer Res. 83 (Suppl. 8), LB109 (2023).

170. Jiang, Y. A controlled high fiber dietary intervention alters metabolome and gut 
microbiome in melanoma survivors [abstract]. Cancer Res. 83 (Suppl. 8), LB348 (2023).

171. Li, Y. et al. Prebiotic-induced anti-tumor immunity attenuates tumor growth. Cell Rep. 30, 
1753–1766.e6 (2020).

172. Popov, S. V., Ovodova, R. G., Markov, P. A., Nikitina, I. R. & Ovodov, Y. S. Protective effect of 
comaruman, a pectin of cinquefoil Comarum palustre L., on acetic acid-induced colitis in 
mice. Dig. Dis. Sci. 51, 1532–1537 (2006).

173. Ferrere, G. et al. Ketogenic diet and ketone bodies enhance the anticancer effects of PD-1 
blockade. JCI Insight 6, e145207 (2021).

174. Holmes, Z. C. et al. Microbiota responses to different prebiotics are conserved within 
individuals and associated with habitual fiber intake. Microbiome 10, 114 (2022).

175. Ward, N. L. et al. Antibiotic treatment induces long-lasting changes in the fecal 
microbiota that protect against colitis. Inflamm. Bowel Dis. 22, 2328–2340 (2016).

176. Fong, W., Li, Q. & Yu, J. Gut microbiota modulation: a novel strategy for prevention and 
treatment of colorectal cancer. Oncogene 39, 4925–4943 (2020).

177. Hattori, N. et al. Antibiotics suppress colon tumorigenesis through inhibition of aberrant 
DNA methylation in an azoxymethane and dextran sulfate sodium colitis model. Cancer Sci. 
110, 147–156 (2019).

178. Cao, H. et al. Secondary bile acid-induced dysbiosis promotes intestinal carcinogenesis. 
Int. J. Cancer 140, 2545–2556 (2017).

179. Pinato, D. J. et al. Association of prior antibiotic treatment with survival and response to 
immune checkpoint inhibitor therapy in patients with cancer. JAMA Oncol. 5, 1774–1778 
(2019).

180. Derosa, L. et al. Gut bacteria composition drives primary resistance to cancer 
immunotherapy in renal cell carcinoma patients. Eur. Urol. 78, 195–206 (2020).

181. Jing, Y. et al. Association of antibiotic treatment with immune-related adverse events 
in patients with cancer receiving immunotherapy. J. Immunother. Cancer 10, e003779 
(2022).

182. Zhao, L. et al. Association of blood biochemical indexes and antibiotic exposure with 
severe immune-related adverse events in patients with advanced cancers receiving PD-1 
inhibitors. J. Immunother. 45, 210–216 (2022).

183. Abu-Sbeih, H. et al. Impact of antibiotic therapy on the development and response to 
treatment of immune checkpoint inhibitor-mediated diarrhea and colitis. J. Immunother. 
Cancer 7, 242 (2019).

184. Vehreschild, M. et al. An open randomized multicentre phase 2 trial to assess the safety 
of DAV132 and its efficacy to protect gut microbiota diversity in hospitalized patients 
treated with fluoroquinolones. J. Antimicrob. Chemother. 77, 1155–1165 (2022).

185. Messaoudene, M. et al. Prevention of antibiotic-induced dysbiosis in human volunteers 
by DAV132 and preservation of responsiveness to anti-PD-1 therapy demonstrated by 
transplantation of human feces into tumor-bearing mice [abstract 1306]. J. Immunother. 
Cancer 10 (Suppl. 2), A1356–A1357 (2022).

186. Sanders, M. E., Merenstein, D. J., Reid, G., Gibson, G. R. & Rastall, R. A. Probiotics 
and prebiotics in intestinal health and disease: from biology to the clinic. Nat. Rev. 
Gastroenterol. Hepatol. 16, 605–616 (2019).

187. Veiga, P., Suez, J., Derrien, M. & Elinav, E. Moving from probiotics to precision probiotics. 
Nat. Microbiol. 5, 878–880 (2020).

188. O’Toole, P. W., Marchesi, J. R. & Hill, C. Next-generation probiotics: the spectrum from 
probiotics to live biotherapeutics. Nat. Microbiol. 2, 17057 (2017).

189. Khalesi, S. et al. A review of probiotic supplementation in healthy adults: helpful or hype. 
Eur. J. Clin. Nutr. 73, 24–37 (2019).

190. Suez, J. et al. Post-antibiotic gut mucosal microbiome reconstitution is impaired by 
probiotics and improved by autologous FMT. Cell 174, 1406–1423.e16 (2018).

191. Spencer, C. N. et al. The gut microbiome (GM) and immunotherapy response are 
influenced by host lifestyle factors [abstract]. Cancer Res. 17 (Suppl. 13), 2838 (2019).

192. Dizman, N. et al. Nivolumab plus ipilimumab with or without live bacterial supplementation 
in metastatic renal cell carcinoma: a randomized phase 1 trial. Nat. Med. 28, 704–712 (2022).

193. Mullish, B. H. et al. The use of faecal microbiota transplant as treatment for recurrent 
or refractory Clostridium difficile infection and other potential indications: joint British 
Society of Gastroenterology (BSG) and Healthcare Infection Society (HIS) guidelines. 
Gut 67, 1920–1941 (2018).

194. Baunwall, S. M. D. et al. Faecal microbiota transplantation for recurrent Clostridioides 
difficile infection: an updated systematic review and meta-analysis. EClinicalMedicine 
29-30, 100642 (2020).

195. Baruch, E. N. et al. Fecal microbiota transplant promotes response in 
immunotherapy-refractory melanoma patients. Science 371, 602–609 (2020).

196. Davar, D. et al. Fecal microbiota transplant overcomes resistance to anti-PD-1 therapy in 
melanoma patients. Science 371, 595–602 (2021).

197. Routy, B. et al. Microbiome modification with fecal microbiota transplant from healthy 
donors before anti-PD1 therapy reduces primary resistance to immunotherapy in 
advanced and metastatic melanoma patients [abstract 614]. J. ImmunoTher. Cancer 10 
(Suppl. 2), A646 (2022).

198. Wang, Y. et al. Fecal microbiota transplantation for refractory immune checkpoint 
inhibitor-associated colitis. Nat. Med. 24, 1804–1808 (2018).

199. Wang, Y. et al. Fecal transplantation improved patients’ reported outcome after immune 
checkpoint inhibitor colitis. Am. J. Gastroenterol. 117, e508–e509 (2022).

200. Spreafico, A. et al. First-in-class microbial ecosystem therapeutic 4 (MET4) in 
combination with immune checkpoint inhibitors in patients with advanced solid tumors 
(MET4-IO trial). Ann. Oncol. 34, 520–530 (2023).

201. Oliva, I. G. et al. MCGRAW trial: evaluation of the safety and efficacy of an oral 
microbiome intervention (SER-401) in combination with nivolumab in first line metastatic 
melanoma patients [abstract 607]. J. Immunother. Cancer 10 (Suppl. 2), A638 (2022).

202. Reardon, D. et al. EO2401 microbiome derived therapeutic vaccine + nivolumab, with/
without standard continuous, or low-dose symptom directed, bevacizumab, in recurrent 
glioblastoma: phase 1–2 EOGBM1–18/ROSALIE study [abstract 642]. J. Immunother. Cancer 
10 (Suppl. 2), A673 (2022).

203. Maia, A. et al. Strong immune response to therapeutic vaccination with EO2401 
microbiome derived therapeutic vaccine + nivolumab: interim report of the EOGBM1–18/
ROSALIE study [abstract 641]. J. Immunother. Cancer 10 (Suppl. 2), A672 (2022).

204. da Silva, I. P. et al. Ipilimumab versus ipilimumab plus anti-PD-1 for metastatic melanoma –  
Authors’ reply. Lancet Oncol. 22, e343–e344 (2021).

205. Ascierto, P. A. et al. Nivolumab and relatlimab in patients with advanced melanoma 
that had progressed on anti-programmed death-1/programmed death ligand 1 therapy: 
results from the phase I/IIa RELATIVITY-020 trial. J. Clin. Oncol. 41, 2724–2735 (2023).

Acknowledgements
E.R.S. acknowledges financial support from the à Beckett Cancer Research Trust (University 
of Sydney Fellowship). R.A.S. is supported by a National Health and Medical Research 
Council of Australia (NHMRC) Investigator Grant (APP2018514). G.V.L. is supported by NHMRC 
Investigator Grant (2021/GNT2007839) and by the University of Sydney Medical Foundation.

Author contributions
R.C.S. researched data for the manuscript. All authors made a substantial contribution to 
discussions of content, writing the manuscript and reviewing and/or editing the manuscript 
prior to submission.

Competing interests
R.A.S. has acted as a consultant and/or adviser to Amgen, Bristol-Myers Squibb, Evaxion, 
F. Hoffmann-La Roche Ltd, GlaxoSmithKline, MetaOptima Technology Inc, Merck Sharp & 
Dohme, Myriad Genetics, NeraCare Inc, Novartis, Provectus Biopharmaceuticals Australia and 
Qbiotics. G.V.L. has acted as a consultant and/or adviser to Agenus, Amgen, Array Biopharma, 
AstraZeneca, Boehringer Ingelheim, Bristol-Myers Squibb, Evaxion, Hexal AG (Sandoz 
Company), Highlight Therapeutics S.L., Innovent Biologics USA, Merck Sharpe & Dohme, 
Novartis, OncoSec, PHMR Ltd, Pierre Fabre, Provectus, Qbiotics and Regeneron. The other 
authors declare no competing interests.

Additional information
Peer reviewer information Nature Reviews Clinical Oncology thanks B. Routy, Y. Wang and the 
other, anonymous, reviewer(s) for their contribution to the peer review of this work.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this 
article under a publishing agreement with the author(s) or other rightsholder(s); author 
self-archiving of the accepted manuscript version of this article is solely governed by the 
terms of such publishing agreement and applicable law.

© Springer Nature Limited 2023


	Towards modulating the gut microbiota to enhance the efficacy of immune-checkpoint inhibitors
	Introduction
	Antitumour immunity and ICIs
	Role of diet–microbiota interactions in immunity
	The gut microbiota in patients receiving ICIs
	Antitumour immunity and responsiveness
	Cross-reactivity of microbial and tumour antigens
	Effects on immune activation and function
	Metabolites that promote type 1 antitumour immunity
	irAEs

	Leveraging the microbiota in the clinic
	Strategies for modulating the gut microbiota
	Strategies for modulating the gut microbiota to improve the outcome in patients receiving immune-checkpoint inhibitors
	Diet and prebiotics
	Antibiotics
	Probiotics
	FMT
	Designer consortia and other microbial strategies
	Lessons learned from early trials

	Conclusions
	Acknowledgements
	Fig. 1 Interactions between diet, the gut microbiota and antitumour immunity.
	Fig. 2 Putative mechanisms of interactions between microbes, immune cell subsets and immune-checkpoint inhibitors.
	Fig. 3 Integrating the gut microbiota with immunological and tumour-intrinsic factors for personalized treatment approaches.
	Table 1 Emerging features of the microbiota and their roles in response to ICIs.




