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SUMMARY
Immunotherapy has emerged as a robust approach against cancer, yet its efficacy has varied among individ-
uals, accompanied by the occurrence of immune-related adverse events. As a result, the efficacy of immu-
notherapy is far from satisfactory, and enormous efforts have been invested to develop strategies to improve
patient outcomes. The gut microbiome is now well acknowledged for its critical role in immunotherapy, with
better understanding on host-microbes interaction in the context of cancer treatment. Also, an increasing
number of trials have been conducted to evaluate the potential and feasibility of microbiome-targeting
approaches to enhance efficacy of cancer treatment in patients. Here, the role of the gut microbiome and
metabolites (e.g., short-chain fatty acids, tryptophan metabolites) in immunotherapy and the underlying
mechanisms are explored. The application of microbiome-targeting approaches that aim to improve immu-
notherapy efficacy (e.g., fecal microbiota transplantation, probiotics, dietary intervention) is also elaborated,
with further discussion on current challenges and suggestions for future research.
INTRODUCTION

The recent advance in immunotherapy has transformed the land-

scape of cancer treatment. This innovative approach harnesses

the host immune system to combat tumor cells, providing a

promising alternative to conventional therapies such as chemo-

therapy and radiotherapy. Cancer immunotherapy generally en-

compasses two strategies: directly inducing immune response

through tumor antigen-targeting antibodies, vaccines, or

chimeric antigen receptor (CAR) T cells; and reactivating anti-

tumor immunity by targeting immune checkpoint inhibitors

(ICIs), cytokines, or immunosuppressive cells.1–8

Immune checkpoint blockade (ICB) has been themost studied

strategy of cancer immunotherapy. ICB refers to the use of anti-

bodies to specifically target ICIs, particularly programmed cell

death-1 (PD-1)/PD-ligand 1 (PD-L1) and cytotoxic T lympho-

cyte-associated protein 4 (CTLA-4), thereby preventing immune

evasion by tumor cells.1 While immunotherapy has demon-

strated promising results, its objective response rate (ORR) is

greatly varied in patients receiving ICB, which can be below

30% in certain cases.9 ICB can also overactivate the host im-

mune system, leading to the occurrence of immune-related

adverse events (irAEs).10 Common irAEs include dermatological,

gastrointestinal, and endocrine side effects, which can range

from mild to severe and even life-threatening conditions.11 In

general, the success of immunotherapy largely depends on the

characteristics of each patient and their tumors. A personalized
Cell Rep
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approach is thus critical to achieve optimal patient outcomes,

which remains challenging in terms of diagnosis, treatment plan-

ning, and therapy monitoring. While biomarkers such as PD-L1,

microsatellite instability (MSI), and tumor mutational burden

have been reported, their predictive performance is far from

satisfactory.12

The human gastrointestinal tract harbors a diverse microbial

community composed of bacteria, viruses, and fungi, together

forming the gut microbiome. Emerging evidence has strongly

indicated the significant association of gut microbes with immu-

notherapy efficacy.13,14 Given its pivotal role, various micro-

biome-targeting strategies including fecal microbiota transplan-

tation (FMT),15–17 prebiotics, and probiotics have been

investigated to potentially augment patient responses to immu-

notherapy. In this article, the role of the gut microbiome in cancer

immunotherapy, as well as the underlying mechanisms, is

explored. The utilization of microbiome-targeting approaches

to improve immunotherapy efficacy is also examined.

ROLE OF THE GUT MICROBIOME IN CANCER
IMMUNOTHERAPY

Preclinical studies of the impacts of the gut microbiome
on immunotherapy
Preclinical studies usingmousemodels have shown that specific

gut microbial populations can affect the response to immuno-

therapy. For example, mice with depleted gut microbiome
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(housed in germ-free conditions or treated with antibiotics)

demonstrated reduced response to CTLA-4 blockade compared

to mice with intact gut microbiome.18 By supplementing specific

bacteria, such asBacteroides fragilis alongwithBacteroides the-

taiotaomicron or Burkholderia cepacian, these mice restored

their response to immunotherapy.18 Other studies also identified

several bacterial strains such as Bifidobacterium pseudolon-

gum, Lactobacillus johnsonii, and Olsenella species isolated

from ICI-treated tumors that could significantly enhance the effi-

cacy of ICIs in mouse models.19 In particular, Bifidobacterium

strains were found to be capable of improving the efficacy of

anti-PD-1 immunotherapy through enhancing immune cell func-

tion and increasing tumor infiltration.20–22 Similarly, newly iso-

lated strains such as Lactobacillus paracasei sh2020 and Lacto-

bacillus kefiranofaciens ZW18 also demonstrated potential in

enhancing the efficacy of anti-PD-1 therapy.23,24

Apart from gut bacteria, preclinical studies also reported the

significance of microbial metabolites in ICB. For instance, trime-

thylamine N-oxide (TMAO) was able to stimulate immune activa-

tion and enhance the efficacy of ICB in mousemodels of pancre-

atic cancer.25 Butyrate produced by Roseburia intestinalis has

been associated with improved anti-PD-1 efficacy against colo-

rectal cancer (CRC) in mouse models.26 Other strains of Clostri-

diales, including Eubacterium hallii, Faecalibacterium prausnitzii,

and Anaerostipes caccae, have been shown to enhance CD8+

T cell activation and their infiltration into tumors, thereby

improving the efficacy of anti-PD-1 therapy in solid tumors.27

Moreover, indole-3-carboxylic acid (ICA) derived from Lactoba-

cillus gallinarum also enhanced anti-PD-1 efficacy in mouse

models with distinct MSI statuses.28

Human studies of the association between microbiome
and immunotherapy
Numerous human studies have investigated the association be-

tween microbiome composition and immunotherapy outcomes

(Table 1).29,30 Several bacteria were identified as potential bio-

markers in multiple cancer types including Akkermansia, which

could be applied as an indicator of responders in hepatocellular

carcinoma (HCC), non-small cell lung cancer (NSCLC), renal cell

carcinoma (RCC), and thoracic cancer.31–40 The enrichment of

Faecalibacterium was also associated with ICB responsiveness

in different cancers, involving melanoma, HCC, and

NSCLC.36,41–46 For a specific cancer type, a meta-analysis of

melanoma patients revealed that the presence of Lachnospira-

ceae species is associated with a more favorable clinical

response, while the presence of Streptococcaceae species is

linked to an unfavorable response.47 In another study, several

bacterial taxa were found to be differentially enriched in mela-

noma patients who were responders to combined CTLA-4 and

PD-1 blockade, including Bacteroides stercoris, Parabacter-

oides distasonis, and Fournierella massiliensis.48 The enrichment

of Bifidobacterium longum, Bifidobacterium adolescentis, Col-

linsella aerofaciens, and Enterococcus faecium was also

observed in patients with metastatic melanoma.49 In gastroin-

testinal cancer patients, an increased Prevotella/Bacteroides ra-

tio was shown to be correlated with more favorable response to

anti-PD-1/PD-L1 treatment.50 Among ICB responders, a specific

subgroup had markedly increased abundance of Prevotella, Ru-
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minococcaceae, and Lachnospiraceae, while additional analysis

of shotgun metagenomes indicated that gut bacteria capable of

producing short-chain fatty acids (SCFAs), such as Eubacterium,

Lactobacillus, and Streptococcus, are positively associated with

the response to anti-PD-1/PD-L1 therapy across various gastro-

intestinal cancer types.50

Increasing evidence also demonstrated the association of

treatment outcomes with the gut microbiome. Studies in

advanced hepatobiliary cancers receiving anti-PD-1 treatment

revealed that patients with higher abundance of Lachnospira-

ceae bacterium GAM79 and Alistipes sp. Marseille-P5997 had

longer progression-free survival (PFS) and overall survival (OS),

and patients with higher abundance of Ruminococcus calidus

and Erysipelotichaceae bacterium GAM147 also showed

improved PFS.53 In HCC patients treated with nivolumab or

pembrolizumab, those who achieved an objective response

(OR) had a fecal enrichment of Lachnoclostridium, Lachnospira-

ceae, and Veillonella, along with a higher level of ursodeoxy-

cholic acid and ursocholic acid, which are strongly correlated

with Lachnoclostridium. Of note, in an independent validation

cohort, patients with a favorable microbial signature had

improved PFS and OS.52 In a Japanese study conducted in

NSCLC patients, specific bacterial taxa such as Ruminococca-

ceae UCG 13 andAgathobacterwere found to be enriched in pa-

tients who had a favorable OR to immunotherapy.56 Another

Japanese study demonstrated that NSCLC patients with higher

abundance of Lactobacillus and Clostridium tend to take a

longer time to reach treatment failure after receiving ICI.54 Addi-

tionally, the enrichment of Phascolarctobacterium was observed

in ICB responders from a Spanish NSCLC cohort, the presence

of which is correlated with prolonged PFS.57 In clinical trials

(NCT02613507 and NCT03195491) involving 37 Chinese pa-

tients with NSCLC receiving nivolumab treatment, responders

showed enrichment of Alistipes putredinis, B. longum, and Pre-

votella copri.55 A recent study in prostate cancer revealed that

the fecal abundance of Streptococcus, particularly the oral bac-

terium Streptococcus salivarius, was significantly higher in pem-

brolizumab responders.58 Patients with HER2-positive breast

cancer who were unresponsive to trastuzumab had lower b-di-

versity and abundance of Lachnospiraceae, Turicibacteraceae,

Bifidobacteriaceae, and Prevotellaceae.51 The diversity of fecal

microbiome in these patients was associated with immune sig-

natures linked to tumor-infiltrating immune cells.51

In addition to bacteria, gut fungi also contribute to ICI re-

sponses. In a recent multi-cohort study on 862 fecal metage-

nomes, differential fungi between ICI responders and non-re-

sponders were identified.59 These fungi could be used as

biomarkers for predicting ICI response with an average area un-

der the curve of 0.87, and were associated with increased

enrichment of exhausted T cells.59 Functional analysis revealed

that the central fungus Schizosaccharomyces octosporus in ICI

responders may ferment starch into SCFAs, potentially promot-

ing ICI efficacy.59 On the other hand, the role of gut virus in ICI

remains uncertain. A recent study revealed a correlation be-

tween fecal enterococcal prophage and long-term benefits of

PD-1 blockade in renal and lung cancer patients, indicating the

therapeutic potential of specific phages to stimulate the host im-

mune system and improve ICI efficacy.63



Table 1. Human gut microbes enriched in responders to immunotherapy

Cancer type Microbes enriched in responders Immunotherapy Sequencing methods Sample size Location Reference

Breast Lachnospiraceae, Turicibacteraceae,

Bifidobacteriaceae, Prevotellaceae

trastuzumab 16S rRNA (V3-V4) 24 Italy Di Modica et al.51

GI Prevotella/Bacteroides ratio,

Prevotellaceae, Ruminococcaceae,

Lachnospiraceae; Eubacterium,

Lactobacillus, Streptococcus

anti-PD-1/PD-L1 16S rRNA (V3-V4)

and metagenomics

74 China Peng et al.50

HCC Akkermansia muciniphila,

Ruminococcaceae spp.

camrelizumab metagenomic 8 China Zheng et al.31–40

HCC Akkermansia, Citrobacter freundii,

Azospirillum sp., Enterococcus durans

nivolumab 16S rDNA (V3–V4) 8 South Korea Chung et al.31–40

HCC Akkermansia tremelimumab

and/or durvalumab

16S rDNA (V3–V4) 11 Italy Poziani et al.31–40

HCC Lachnoclostridium, Lachnospiraceae,

Veillonella

nivolumab/

pembrolizumab

16S rRNA (V3-V4) 74 Taiwan Lee et al.52

HCC Faecalibacterium, Blautia, Lachnospiracea

incertae Sedis, Megamonas, Ruminococcus,

Coprococcus, Dorea, Haemophilus

anti-PD-1 16S rRNA (V3-V4) 35 China Wu et al.36,41–46

Hepatobiliary Lachnospiraceae bacterium GAM79,

Alistipes sp. Marseille-P5997,

Ruminococcus calidus, Erysipelotichaceae

bacterium GAM147

anti-PD-1 metagenomic 65 China Mao et al.53

Melanoma Faecalibacterium, Firmicutes ipilimumab 16S rRNA (V3-V4) 26 France Chaput et al.36,41–46

Melanoma Bacteroides caccae ipilimumab, nivolumab,

ipilimumab plus

nivolumab, or

pembrolizumab

metagenomic 39 USA Frankel et al.36,41–46

Melanoma Faecalibacterium prausnitzii, Bacteroides

thetaiotaomicron, Holdemania filiformis

ipilimumab plus

nivolumab

metagenomic 24 USA Frankel et al.36,41–46

Melanoma Dorea formicogenerans pembrolizumab metagenomic 13 USA Frankel et al.36,41–46

Melanoma Clostridiales, Ruminococcaceae,

Faecalibacterium

anti-PD-1 16S rRNA 43 USA Gopalakrishnan et al.36,41–46

Melanoma Bifidobacterium longum, Bifidobacterium

adolescentis, Collinsella aerofaciens,

Enterococcus faecium

anti-PD-1/CTLA-4 16S rRNA (V4) and

metagenomics

42 USA Matson et al.49

Melanoma Faecalibacterium prausnitzii,

Coprococcus eutactus, Prevotella

stercorea, Streptococcus sanguinis,

Streptococcus anginosus,

Lachnospiraceae bacterium 3 1 46FAA

ICIs 16S rRNA (V4) and

metagenomics

27 USA Peters et al.36,41–46

Melanoma Bacteroides stercoris, Parabacteroides

distasonis Fournierella massiliensis

anti-PD-1/CTLA-4 16S rRNA (V4) and

metagenomics

77 USA Andrews et al.48

(Continued on next page)
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Table 1. Continued

Cancer type Microbes enriched in responders Immunotherapy Sequencing methods Sample size Location Reference

NSCLC Lactobacillus, Clostridium ICIs 16S rDNA (V1–V2) 17 Japan Katayama et al.54

NSCLC Alistipes putredinis,

Bifidobacterium longum, Prevotella copri

nivolumab 16S rDNA (V3–V4) 37 China Jin et al.55

NSCLC Ruminococcaceae

UCG 13, Agathobacter

anti-PD-1/PD-L1 16S rRNA (V3-V4) 70 Japan Hakozaki et al.56

NSCLC Ruminococcus, Akkermansia spp. nivolumab+ipilimumab 16S rRNA 44 USA Cascone et al.31–40

NSCLC Desulfovibrio, Bifidobacterium,

Anaerostipes, Faecalibacterium, Alistipes

anti-PD-1/PD-L1 16S rRNA (V3-V4) 75 China Zhang et al.36,41–46

NSCLC Phascolarctobacterium ICIs 16S rRNA (V3-V4) 69 Spain Zhang et al.57

NSCLC Akkermansia muciniphila pembrolizumab/

nivolumab/atezolizumab

metagenomic 338 France

and Canada

Derosa et al.31–40

NSCLC Ruminococcus, Akkermansia,

Faecalibacterium

ICIs 16S rRNA (V1-V3) 65 USA Newsome et al.31–40

NSCLC Akkermansiaceae anti-PD-1/PD-L1 16S rRNA (V3-V4) 47 Poland Grenda et al.31–40

Prostate Cancer Streptococcus pembrolizumab 16S rRNA and qPCR 23 USA Peiffer et al.58

RCC Akkermansia muciniphila,

Bacteroides salyersiae

nivolumab metagenomic 58 France Derosa et al.31–40

RCC Akkermansia muciniphila nivolumab/

pembrolizumab+

ipilimumab

metagenomic 31 USA Salgia et al.31–40

Thoracic

carcinoma

Akkermansiaceae, Enterococcaceae,

Enterobacteriaceae, Carnobacteriaceae,

Clostridiales Family XI

anti-PD-1 16S rRNA (V4) 42 China Yin et al.31–40

Pan-cancer Trichophyton benhamiae, Cryptococcus

amylolentus, Suillus clintonianus,

Pseudogymnoascus sp. 05NY08,

Schizosaccharomyces octosporus,

Podospora anserina, Verticillium

longisporum

ICIs metagenomic 862 China Huang et al.59

Hematologic

malignancies

Ruminococcus, Bacteroides,

Faecalibacterium

anti-CD19 CAR-T 16S rRNA 228 USA Smith et al.60

MM, ALL, NHL Bifidobacterium, Prevotella,

Sutterella, Collinsella

CAR-T 16S rRNA (V4) 78 China Hu et al.61

B cell lymphoma Bacteroides,, Ruminococcus,

Eubacterium, Akkermansia

anti-CD19 CAR-T metagenomic 172 Germany, USA Stein-Thoeringer

et al.62

GI, gastrointestinal; MM, multiple myeloma; ALL, acute lymphoblastic leukemia; NHL, non-Hodgkin lymphoma.
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Although current research on the influence of the gut micro-

biome on adoptive T cell therapy (ACT) is limited compared to

ICIs, emerging evidence suggests that gut microbes do impact

ACT outcomes.64 Observational studies reported that prior expo-

sure to antibiotics before CAR-T cell therapy was associated with

poorer clinical outcomes. Conversely, a microbiome with higher

abundance of Ruminococcus, Bacteroides, and Faecalibacte-

rium has been correlated with better responses to CD19 CAR-T

cell therapy.60 In a multi-center cohort of B cell lymphoma pa-

tients from Germany and United States, the study reported that

prior treatment of wide-spectrum antibiotics before CD19-tar-

geted CAR-T cell therapy could lead to unfavorable outcomes,

while several bacteria such as Bacteroides, Ruminococcus, Eu-

bacterium, andAkkermansia play a critical role in CAR-T cell ther-

apy.62 Another clinical trial, ChiCTR1800017404, revealed

distinct microbial diversity and composition among patients

and treatment stages in relapsed/refractory multiple myeloma.

Significant temporal variations in the abundance of Bifidobacte-

rium, Prevotella, Sutterella, and Collinsella were observed be-

tween patients in complete remission and those in partial

remission.61

MECHANISM OF THE GUT MICROBIOME IN CANCER
IMMUNOTHERAPY

Gut microbiome in tumor microenvironment
The tumor microenvironment (TME) refers to the cellular environ-

ment in and around a tumor, including immune cells, blood ves-

sels, fibroblasts, and extracellular matrix components. The TME

is known to influence tumor growth, invasion, and response to

therapy.65,66 Recent studies have demonstrated the presence

of intratumoral microbes and their crucial roles in the TME. For

instance, immunostimulatory microbes in the gut could activate

innate (dendritic cells) and adaptive (cytotoxic CD8+ T cells and

interferon-g [IFN-g]-producing CD4+ T helper 1 [Th1] cells) im-

mune cells, locally and systemically, to counter inhibitory TME

at anatomically distant cancer sites.67

Activation of pattern recognition receptors

The gut microbiome can activate immune responses within the

TME by triggering pattern recognition receptors (PRRs), which

are proteins expressed by immune cells that recognize specific

patterns associated with pathogens or microorganisms. Of

note, gut microbes can produce various molecules to activate

PRRs, affecting the balance between tumor-promoting and tu-

mor-suppressing immune cells. For example, bacterial peptido-

glycan-derived muramyl peptides have been shown to increase

the immunosuppressive activity of myeloid-derived suppressor

cells and promote tumor progression in CRC through enhancing

arginase-1 activity, as detected by nucleotide-binding oligomer-

ization domain 1 (NOD1).68

Molecular mimicry

Molecularmimicry refers to the ability of gutmicrobes to produce

antigens that can be recognized by host immune cells, thereby

impacting tumor progression and immune cell activity within

the TME. For instance, certain gut bacteria are capable of pro-

ducing antigens that cross-react with tumor-associated anti-

gens. Such cross-reactivity stimulates immune responses to

affect tumor growth. Examples include the cross-reactivity of
T cells targeting specific epitopes from commensal bacteria

such as Enterococcus hirae and Bifidobacterium brevewith mel-

anoma cells, resulting in reduced tumor growth and prolonged

survival.63,69 Moreover, several beneficial commensals such as

B. fragilis can reverse the defective maturation of PLZF+ innate

lymphocytes in germ-free neonatal mice, further highlighting

the impact of molecular mimicry.70

Modulation by microbe-derived metabolites

Metabolites produced by the gut microbiome can directly modu-

late immunity within the TME, especially SCFAs (e.g., butyrate,

acetate, and propionate), which play a significant role in regu-

lating immune process. SCFAs are able to regulate the differenti-

ation and activation of inflammatory regulatory T cells (Tregs) and

proinflammatory interleukin-17-positive (IL-17+) gd T cells.71

Other microbial metabolites such as inosine derived from Bifido-

bacterium promote T cell activation and antitumor immunity by

agonizing T cell-specific adenosine 2A receptor (A2AR)

signaling.19 The microbe-derived metabolic product of trypto-

phan metabolism, an essential amino acid, can also influence

the TME. For instance, indoleamine 2,3-dioxygenase 1 (IDO1)

was able to initiate the transformation of tryptophan into the

immunosuppressive metabolite kynurenine (Kyn), while other mi-

crobial metabolites such as ICA inhibit IDO2 expression, poten-

tially serving as therapeutic agents in cancer treatment.28,72

Apart from beneficial effects, some microbial metabolites are

found to exert opposing effects on cancer. One example is gallic

acid, a phenolic acid derived from gut microbes, which is able to

switch the tumor-suppressing activity of mutant p53 to an onco-

genic state.73 Besides this, succinic acid derived from Fusobac-

terium nucleatumwas shown to inhibit the cyclic GMP-AMP syn-

thase (cGAS)-IFN-b pathway, thereby reducing CD8+ T cell

trafficking to the TME and diminishing antitumor immunity.74 It

is noteworthy that while the impacts of the gut microbiome on

the TME are increasingly acknowledged, further research is

needed to fully understand the complex mechanisms involved

and to develop targeted approaches for modulating the gut mi-

crobiome to enhance cancer immunotherapy.

Mechanisms of how the gut microbiome influences
immunotherapy
Microbial interventions with immune checkpoint

inhibitors

ICIs enhance immune cytotoxicity of T cells by targeting coinhi-

bitory molecules PD-1/PD-L1 to strengthen the natural immune

response of the host and prevent tumor cells from evading im-

mune surveillance.1 Notably, gut microbes are capable of modu-

lating host immune regulation, thereby indirectly affecting the ef-

ficacy of ICIs in cancer patients.75 A previous study by Griffin

et al. demonstrated that enterococci released stimulatory mole-

cule muramyl dipeptide (MDP) fragments through the secretion

of NlpC/p60 peptidoglycan hydrolase SagA.76 These fragments

activated the innate immune sensor NOD2 and enhanced immu-

notherapy responses, resulting in the direct activation of macro-

phages, epigenetic reprogramming of monocytes, generation of

conventional type 1 dendritic cells, and priming of dendritic cells

for cross-presentation to CD8+ T cells76 (Figure 1A).

Another study found that stimulation of T cells with polysac-

charide A (PSA) derived from the commensal gut bacteria B.
Cell Reports Medicine 5, 101478, April 16, 2024 5
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Figure 1. Mechanisms of the gut microbiome and their metabolites in modulating cancer immunotherapy

(A) Enterococci SagA-derived MDP and glucosaminyl-MDP (GMDP) activate NF-kB and mitogen-activated protein kinase (MAPK) pathways.

(B) B. fragilis-derived PSA promotes cytokine secretion and upregulates immune checkpoint markers on T cells.

(C) L. rhamnosus GG triggers IFN production in dendritic cells and downregulates PD-L2 and its binding partner RGMb on tumor cells.

(D) Yeast cell wall b-glucan activates dendritic cells via Dectin-1/Syk and TLR2/MyD88 pathways.

(E) Butyrate inhibits ID2-dependent IL-12 signaling, increases H3K27 acetylation to upregulate PD-1 and CD28, and modulates TCR signaling to stimulate

antitumor cytokine secretion. R. intestinalis-derived butyrate binds to TLR5 on CD8+ T cells to activate NF-kB signaling. Butyrate-producingC. butyricum causes

MYC degradation to promote immune cell infiltration and downregulate PD-L1 on tumor cells.

(legend continued on next page)
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fragilis led to the upregulation and secretion of IFN-g, tumor ne-

crosis factor a (TNF-a), IL-6, and CXCL10. Importantly, B. fragi-

lis-derived PSA also induced the expression of immune check-

point markers Lag3, Tim3, and particularly PD-1 on the surface

of T cells77 (Figure 1B). Moreover, Lactobacillus rhamnosus

GG, a well-known probiotic strain, was able to activate CD8+

T cells by stimulating dendritic cells through the Toll-like receptor

2 (TLR2) pathway.78 This activation was triggered by the produc-

tion of IFN-a and IFN-b in dendritic cells via the cGAS/stimulator

of IFN genes (STING) signaling pathway.79 Furthermore, the gut

microbiome was found to be capable of suppressing the expres-

sion of PD-L2 and its binding partner repulsive guidance mole-

cule B (RGMb), resulting in enhanced antitumor immunity and

increased efficacy of PD-1 inhibitors on dendritic cells80

(Figure 1C).

In addition to bacteria, recent studies reported that the cell

wall of yeast, specifically Saccharomyces cerevisiae, contains

b-glucan, which could activate dendritic cells through two

distinct pathways: the Dectin-1/Syk pathway and the TLR2/

MyD88 pathway81 (Figure 1D). The stimulated dendritic cells

subsequently trigger the activation of T cells, thereby improving

their capacity to fight against tumors.82 Remarkably, when

combining PD-L1 blockade with the supplementation of yeast

cell wall, significant antitumor efficacy was observed in mice

with melanoma, showcasing the potent therapeutic potential of

fungal components.81

Boosting immunotherapy efficacy by microbial

metabolites

The gut microbiome interacts with host cells mainly through

metabolite production. These microbe-derived metabolites can

exert local effects on the intestinal epithelium or spread to distant

sites and organs via the bloodstream, subsequently acting as

signaling molecules or metabolic substrates to impact a wide

range of physiological functions.83 To date, a significant amount

of research has been conducted to evaluate the role of SCFAs,

tryptophan metabolites, inosine, TMAO, and vitamin B5 in can-

cer immunotherapy (Figures 1E–1I).

SCFAs. SCFAs are a group of microbial metabolites that have

been heavily investigated in the context of ICIs. In general, ICI re-

sponders tend to have a higher concentration of SCFAs and

greater abundance of SCFA-producing bacteria compared to

non-responders.84–88

Butyric acid is one of the most studied SCFAs (Figure 1E). A

previous study reported that butyric acid produced by Faecali-

baculum rodentium PB1 and Hodemanella biformis functions

as a histone deacetylase inhibitor to inhibit tumor cell prolifera-

tion by increasing acetylation and inhibiting calcineurin-medi-
(F) L. gallinarum-derived ICA inhibits IDO1 expression to suppress Kyn intratumo

Treg differentiation. L. reuteri-derived I3A triggers antitumor IFN-g+ CD8+ T cell-

(G) B. pseudolongum-derived inosine activates A2AR on T cells, upregulates IL1

lation in the TME. Inosine promotes presentation of tumor neoantigens to facilit

carbon source for CD8+ T cells.

(H) TMAO fromCutC-containing bacteriaClostridium and Enterococcus activates

cells.

(I) Microbe-derived vitamin B5 (pantothenic acid) acts as CoA precursor to reprog

CD8+ cytotoxic T cells into IL-22-producing Tc22 cells.

Figure created by BioRender.com.
ated activation of nuclear factor of activated T cells C3

(NFATc3).89 Butyrate can also enhance the antitumor cytotox-

icity of CD8+ T cells by inhibiting DNA binding 2 (ID2)-dependent

IL-12 signaling to improve the efficacy of anti-PD-1 therapy.90

Butyrate upregulates the expression of PD-1/CD28 by

increasing histone 3 lysine 27 acetylation (H3K27ac) at the pro-

moter region of Pdcd1 and Cd28 in human CD8+ T cells, and

modulates the T cell receptor (TCR) signaling pathway to pro-

mote the expression of antitumor cytokines in cytotoxic CD8+

T cells, all of which could enhance anti-PD-1 efficacy.87 More-

over, butyrate derived from R. intestinalis can directly bind to

TLR5 on CD8+ T cells to activate the nuclear factor kB (NF-kB)

signaling pathway, leading to the induction of cytotoxic gran-

zyme B+, IFN-g+, and TNF-a+ CD8+ T cells in CRC with MSI-

low CT26 tumors in mice.26 In addition, treating CRC cells with

uncharacterized metabolites fromClostridium butyricum, poten-

tially consisting of butyrate, enhances proteasome-mediated

ubiquitination, leading to the degradation of the pivotal signal

molecule MYC and eventually increases the efficacy of anti-

PD-1 therapy by promoting CD8/CD4 cell infiltration and down-

regulating the expression of PD-L1 on tumor cells.91,92 Of note,

high concentrations of SCFAs such as butyrate and propionate

have been associated with reduced efficacy of CTLA-4

blockade, which could inhibit dendritic cell maturation and

T cell accumulation in the TME.93

Tryptophan metabolites. Various metabolites are produced by

microbe-mediated tryptophan metabolism, and some have

shown their impacts on immunotherapy (Figure 1F). For

instance, ICA derived from L. gallinarum improved the efficacy

of anti-PD-1 therapy by inhibiting IDO1 expression and Kyn pro-

duction within tumors, competing with Kyn for binding to the aryl

hydrocarbon receptor (AhR) and antagonizing Kyn binding on

CD4+ T cells.28 These events inhibit the differentiation of Tregs

to enhance the efficacy of anti-PD-1 therapy.28 Daily administra-

tion of Lactobacillus reuteri also led to the translocation of gut mi-

crobes to B16-F0melanoma tumors inmice, triggering antitumor

IFN-g+ CD8+ T cell-mediated immunity in the TME through the

metabolism of dietary tryptophan to indole-3-aldehyde (I3A) by

intratumoral L. reuteri and subsequent activation of AhR,

enhancing ICI efficacy in murine models.94

Inosine. Mager et al. discovered that intestinal B. pseudolon-

gum-produced inosine significantly boosts the efficacy of anti-

PD-L1 and anti-CTLA-4 in mouse models with various cancer

types, including CRC, bladder cancer, and melanoma.19

Mechanistically, inosine promotes immune cell activation by

activating adenosine A2AR on T cells, leading to the upregulation

of IL12Rb2 and IFN-g transcription, promoting Th1 cell
ral production and compete with Kyn for AhR binding on CD4+ T cells to inhibit

mediated immunity by AhR activation.

2Rb2 and IFN-g transcription, and promotes Th1 differentiation and accumu-

ate the recognition and killing by cytotoxic CD8+ T cells and as an alternative

PERK to induce ER stress and increase GSDME-mediated pyroptosis of tumor

ram oxidative phosphorylation (OXPHOS), thereby promoting differentiation of
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differentiation and accumulation in the TME.19 Inosine was re-

ported to also enhance the immunogenicity of tumor cells by

stimulating dendritic cells and adenosine receptors on T cells,

resulting in increased tumor antigen display and improved func-

tion of tumor-specific T cells with enhanced production of IFN-g

and IL-12, thereby improving responses to anti-PD-1 therapy.95

Moreover, inosine acts as an energy source for CD8+ T cells,

providing them with energy to enhance their effectiveness in

combating tumor cells96 (Figure 1G).

TMAO. Gut microbiome-derived metabolite TMAO enhances

the efficacy of ICIs by promoting the infiltration of immunostimu-

latory macrophages and CD8+ T cells into the TME.25,97 Previous

studies have reported the correlation between the presence of

bacteria containing CutC (e.g., Clostridium and Enterococcus),

the enzyme responsible for generating the TMAO precursor tri-

methylamine, and enhanced survival in cancer patients.25 Mech-

anistically, TMAO activates the protein kinase R-like ER kinase

(PERK) pathway, inducing endoplasmic reticulum (ER) stress

and subsequently triggering gasdermin-E (GSDME)-mediated

pyroptosis, thereby enhancing CD8+ T cell-mediated antitumor

immunity97 (Figure 1H).

Vitamin B5. Intestinal bacteria-produced vitamin B5, also

known as pantothenic acid, acts as a precursor of coenzyme A

(CoA) found in food. Vitamin B5 was found to promote the differ-

entiation of CD8+ cytotoxic T cells into IL-22-producing Tc22

cells, which exhibit strong antitumor effects and are associated

with enhanced responses to immunotherapy.98,99 Tc22 cells up-

regulated the pantothenate/CoA pathway and relied on oxidative

phosphorylation for differentiation, which can be reprogrammed

by exogenous CoA administration through HIF-1a and AhR, pro-

moting CD8+ Tc22 phenotype regardless of polarizing condi-

tions99 (Figure 1I). In murine tumor models, pantothenate treat-

ment improved the efficacy of anti-PDL1 antibody therapy,

while in melanoma patients, higher pretreatment plasma panto-

thenic acid levels correlated with a positive response to anti-PD-

1 therapy.99

Other microbe-derived molecules. Hippuric acid, in combina-

tion with butyrylcarnitine, cysteine, and glutathione disulfide,

was shown to be associated with a greater response in

NSCLC patients receiving PD-1 blockade, potentially due to their

association with T cell metabolism.100 Muropeptides generated

by Enterococcus faecium enhance anti-PD-L1 therapy by acti-

vating innate immune sensing protein NOD2, increasing CD8+

T cells expressing granzyme B, improving the TME, and

enhancing the efficacy of immunotherapeutic monoclonal anti-

bodies.76 Apart from metabolites, microbial exopolysaccharides

produced by Lactobacillus delbrueckii subsp. Bulgaricus

OLL1073R-1 (EPS-R1) also enhanced the efficacy of anti-

CTLA-4 or anti-PD-1 therapy by inducing the expression of

CCR6 in CD8+ T cells, thereby promoting T cell function.101

Modulation of adoptive T cell therapy

The administration of the SCFAs pentanoate and butyrate repro-

grams the metabolism and epigenetics of cytotoxic T cells and

CAR-T cells, leading to heightened production of effector mole-

cules (CD25, IFN-g, and TNF-a), improved mammalian target of

rapamycin efficacy, and inhibition of class I histone deacetylase

activity, ultimately enhancing the antitumor activity of these cells

in murine melanoma and pancreatic cancer models.102 Notably,
8 Cell Reports Medicine 5, 101478, April 16, 2024
further investigation is needed to understand the mechanisms

underlying these effects on ACT efficacy.

TRANSLATIONAL APPROACHES FOR MODULATING
THE GUT MICROBIOME TO ENHANCE
IMMUNOTHERAPY RESPONSE

Given the crucial role of gut microbes in cancer immuno-

therapy, there has been growing interest in developing various

targeted approaches to modulate the gut microbiome to

enhance treatment efficacy. These interventions include FMT,

live biotherapeutic products, and probiotic and prebiotic

supplements.103,104

Fecal microbiota transplantation in immunotherapy
FMT is a direct approach to manipulate the gut microbiome. It

involves the transfer of stools from a donor to the recipient

through oral administration of lyophilized or frozen capsules

or direct delivery by colonoscopy or gastroscopy. Numerous

studies have investigated the potential of FMT to improve pa-

tients’ response to immunotherapy.15,16 For example, clinical

studies (NCT03353402 and NCT03341143) conducted by Ba-

ruch et al. and Davar et al. have shown promising results of

using FMT to increase the efficacy of anti-PD-1 immunotherapy

in metastatic melanoma patients, with enhanced activity of

CD8+ T cells and reduced frequency of immunosuppressive

IL-8-expressing myeloid cells.15,16 A phase 1 clinical trial

(NCT03772899) evaluated the efficacy of combined treatment

with FMT and anti-PD-1 immunotherapy against advanced

melanoma and observed a promising ORR of 65% (13 out of

20 patients), including four complete responses, thus empha-

sizing the need for further investigations of FMT.105 To date,

only one completed clinical trial combining FMT with cancer

immunotherapy has been registered on ClinicalTrials.gov

(NCT04056026), involving a mesothelioma patient receiving

pembrolizumab. Meanwhile, multiple clinical trials are also

ongoing (e.g., NCT04924374, NCT05286294, NCT05251389),

which aim to provide further evidence regarding the impact

of FMT on ICI response as well as the associated immune

and transcriptomic changes in the gut and tumor tissues.106

These ongoing trials primarily investigate the combination of

FMT with immunotherapy in patients with melanoma, while

some also explore other cancer types (e.g., RCC, NSCLC,

CRC) (Table 2).

In addition, the feasibility of using FMT as a preventive mea-

sure for treatment-related complications and to reduce treat-

ment toxicity is also being evaluated. For instance, several clin-

ical trials (NCT03819296, NCT04038619, NCT04163289, and

NCT04883762) have been conducted with the aim of enhancing

patient outcomes by combining FMT with immunotherapy

(Table 2).

Probiotics, prebiotics, and dietary interventions
Probiotics and microbial consortia

Probiotics are live microorganisms or blends of microorgan-

isms that can bring positive impacts on individuals’ well-being

when consumed in sufficient quantity. Certain probiotic strains

have been studied for their potential to modulate the gut

http://ClinicalTrials.gov


Table 2. Clinical trials of FMT manipulating the gut microbiome in immunotherapy

Cancer type Enrollment Immunotherapy Microbial intervention Phase Location Status

NCT03341143 melanoma 18 pembrolizumab FMT via colonoscopy

from ICI responders

2 USA active, not

recruiting

NCT03353402 melanoma 40 anti-PD-1 FMT capsules from

ICI responders

1 Israel unknown

NCT03772899 melanoma 20 pembrolizumab/

nivolumab

FMT capsules from

healthy donors

1 Canada active, not

recruiting

NCT03819296 melanoma,

genitourinary,

malignant solid

neoplasm, lung

800 ICIs FMT from healthy donors 1/2 USA recruiting

NCT04038619 genitourinary,

melanoma, lung,

ovarian, uterine,

breast, cervical

40 loperamide FMT via colonoscopy 1 USA recruiting

NCT04056026 mesothelioma 1 pembrolizumab (Keytruda) single-dose FMT infusion 1 USA completed

NCT04116775 prostate 32 pembrolizumab FMT via endoscopy 2 USA recruiting

NCT04130763 gastrointestinal system 10 anti-PD-1 FMT capsules 1 China unknown

NCT04163289 RCC 20 ipilimumab+nivolumab FMT capsules 1 Canada recruiting

NCT04264975 solid carcinoma 60 immunotherapy FMT N/A Korea unknown

NCT04521075 melanoma, NSCLC 42 nivolumab FMT capsules 1/2 Israel unknown

NCT04577729 melanoma 5 ICIs allogenic FMT;

autologous FMT

N/A Austria terminated

NCT04729322 CRA, small intestinal

adenocarcinoma, CRC

14 pembrolizumab/nivolumab FMT capsules 2 USA recruiting

NCT04758507 RCC 50 ICIs FMT capsules 1/2 Italy recruiting

NCT04883762 solid tumors 4 ICIs FMT via colonoscopy 1 USA active, not

recruiting

NCT04924374 lung cancer 20 pembrolizumab,

nivolumab,

atezolizumab

FMT capsules N/A Spain recruiting

NCT04951583 NSCLC, melanoma 70 pembrolizumab,

ipilimumab+nivolumab

investigational

FMT capsules

2 Canada recruiting

NCT04988841 melanoma 60 ipilimumab+nivolumab fecal microbiotherapy

(MaaT013): pooled-donor,

full-ecosystem intestinal

microbiome

2 France recruiting

NCT05008861 NSCLC 20 anti-PD-1/PD-L1 FMT capsules 1 China unknown

NCT05251389 melanoma 24 ICIs FMT from ICI

non-responders/responders

1/2 Netherlands recruiting

NCT05273255 malignancies 30 ICIs FMT via endoscopy N/A Switzerland recruiting

(Continued on next page)
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microbiome and enhance immune responses in the context of

cancer immunotherapy. In a retrospective multi-center study

in Japan, the use of probiotics such as Bifidobacterium and

C. butyricum was associated with better outcomes in patients

with advanced or recurrent NSCLC undergoing anti-PD-1

monotherapy.107 A randomized phase 1 trial (NCT03829111)

investigated the impact of CBM588 (C. butyricum strain

MIYAIRI 588) in combination with nivolumab-ipilimumab immu-

notherapy for patients with metastatic RCC.108 This trial

demonstrated that CBM588 supplementation combined with

ICB significantly extends PFS compared to immunotherapy

alone (12.7 months vs. 2.5 months). CBM588 also showed sig-

nificant extension of PFS and OS in another study of patients

with NSCLC, including those who received antibiotic ther-

apy.109 Mechanistically, CBM588 was able to increase the

abundance of other probiotics and stimulate the expansion of

IL-17A-producing cells such as gdT cells and CD4 cells in pre-

clinical mouse models.110 These findings collectively suggest

the potential of CBM588 in modulating the gut microbiome to

enhance immunotherapy efficacy in cancer patients.

Akkermansia muciniphila is another candidate probiotic that

may boost immunotherapy efficacy in patients. In a retrospec-

tive analysis by Derosa et al., the result revealed a correlation

between the presence of fecal A. muciniphila and improved

ICI outcomes in patients with NSCLC.35 Subsequent investiga-

tion identified that supplementation of lyophilized encapsulated

A. muciniphila (Akkp2611) can benefit patients who were

exposed to antibiotics and lacked endogenous A. mucini-

phila.35 In general, further research is needed to confirm the

observational findings and gain more understanding of the

mechanistic functions of probiotics on the gut microbiome

and immune system. Currently, there are multiple ongoing clin-

ical trials investigating the manipulation of the gut microbiome

in immunotherapy against various cancer types using different

probiotic strains, includingBifidobacterium trifidum live powder

BiFico, Probio-M9 (L. rhamnosus), and Bifidobacterium bifidum

(Table 3).

Apart from probiotics, the use of bacteria consortia as bio-

therapeutic products has shown promising results in cancer

treatment. For example, an ongoing phase 2/3 trial

(NCT03686202) is studying the efficacy of providing a defined

bacterial mixture, Microbial Ecosystem Therapeutic 4 (MET-4),

which consists of a defined mixture of pure live gut bacterial cul-

ture isolated from stools of a healthy individual for administration

to patients with various solid tumors. In a clinical assessment

(NCT03817125), SER-401, an experimental microbiome-based

treatment containing a high concentration of Ruminococcaceae

and other spore-forming microorganisms, was investigated in

combination with nivolumab in a group of 14 patients with first-

line multiple myeloma. Additionally, a completed clinical trial

(NCT04208958) involving 111 patients with different gastrointes-

tinal cancers assessed the combination of nivolumab with

VE800, composed of 11 non-pathogenic commensal bacterial

strains. Altogether these studies highlight the feasibility of devel-

oping bacterial formulations and consortia as potential adjuncts

to cancer immunotherapy. Nevertheless, the optimal strain,

dosage, and duration of microbial intervention, still require

extensive investigations.



Table 3. Clinical trials of probiotics, bacteria consortia, prebiotics. and dietary interventions manipulating the gut microbiome in immunotherapy

Cancer type Enrollment Immunotherapy Microbial intervention Phase Location Status

Probiotics and bacteria consortia

NCT03595683 melanoma 8 pembrolizumab Bifidobacterium

longum EDP1503

2 USA suspended

NCT03637803 NSCLC, RCC,

melanoma,

bladder cancer

63 pembrolizumab MRx0518 (a lyophilized

proprietary bacterium strain)

1/2 USA terminated

NCT03686202 all solid tumors 65 anti-PD-1/PD-L1 MET-4 2/3 Canada active, not

recruiting

NCT03775850 CRC, triple-negative

breast cancer,

NSCLC, bladder,

gastroesophageal, RCC

69 pembrolizumab Bifidobacterium

longum EDP1503

1 USA, Canada completed

NCT03817125 melanoma 14 nivolumab SER-401 1 USA completed

NCT03829111 RCC 30 nivolumab+ipilimumab CBM588 1 USA active, not

recruiting

NCT04208958 melanoma, gastric,

gastroesophageal

junction

adenocarcinoma,

CRC

111 nivolumab VE800 1/2 USA completed

NCT04601402 solid tumor, NSCLC,

HNSCC, urothelial

carcinoma

11 avelumab live biotherapeutic

product GEN-001

1 USA completed

NCT04699721 NSCLC 40 nivolumab+paclitaxel+

carboplatin

BiFico 1 China active, not

recruiting

NCT04909034 NSCLC 30 pembrolizumab fermented soybean

extract MicrSoy-20

(MS-20)

2 Taiwan recruiting

NCT05032014 liver 46 anti-PD-1 Probio-M9 N/A China recruiting

NCT05094167 NSCLC 46 carrilizumab+platinum Kex02 (Lactobacillus

Bifidobacterium V9)

N/A China recruiting

NCT05122546 RCC 31 nivolumab+cabozantinib

S-malate

CBM588 1 USA active, not

recruiting

NCT05220124 bladder, urothelial 190 immunotherapy live combined

Bifidobacterium,

Lactobacillus and

Enterococcus capsules

4 China recruiting

NCT05354102 NSCLC,

melanoma, RCC

12 nivolumab BMC128 1 Israel recruiting

NCT05620004 advanced HCC 30 carrilizumab+apatinib

mesylate

Bifidobacterium bifidum 1/2 China recruiting

(Continued on next page)
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Table 3. Continued

Cancer type Enrollment Immunotherapy Microbial intervention Phase Location Status

Prebiotics

NCT01829373 lung 5 lung cancer vaccine yeast-derived b-glucan 1 USA completed

NCT04552418 solid tumor 12 ipilimumab+nivolumab potato starch (Bob’s Red Mill) 1 USA completed

NCT06049576 RCC 30 nivolumab+ipilimumab camu camu 1 USA recruiting

Dietary intervention

NCT03340935 Cancer 101 standard-of-care

treatment

FMD: a 5-day plant-based,

low-calorie, low-protein,

low-carbohydrate diet

N/A Italy completed

NCT03595540 breast, CRC 90 nivolumab (Opdivo),

pembrolizumab (Keytruda)

FMD Prolon N/A Italy completed

NCT03700437 NSCLC 12 pembrolizumab FMD Chemolieve N/A USA completed

NCT03709147 advanced

LKB1-inactive Lung

adenocarcinoma

64 pembrolizumab metformin hydrochloride/

metformin hydrochloride +

FMD

2 Italy unknown

NCT04316520 metastatic RCC 20 nivolumab+ipilimumab,

pembrolizumab+axitinib,

sunitinib or pazopanib

ketogenic diet 2:1 N/A France recruiting

NCT04645680 melanoma 42 pembrolizumab/nivolumab isocaloric high-fiber diet 2 USA recruiting

NCT04866810 melanoma 80 relatlimab+nivolumab high-fiber, plant-based

diet + exercise

N/A USA recruiting

NCT05119010 metastatic RCC 60 nivolumab+ipilimumab ketogenic diet, BHB

(b-hydroxybutyrate)

N/A France recruiting

NCT05083416 HNSCC 29 nivolumab, pembrolizumab,

atezolizumab, avelumab,

or durvalumab

prolonged nightly fasting N/A USA active, not

recruiting

NCT05356182 integrative oncology 30 anti-PD-1/PD-L1/CTLA-4 low-protein diet (10%) N/A USA recruiting

NCT05384873 metastatic NSCLC 180 immunotherapy immunonutrients (Oral Impact):

high-calorie, high-protein

nutritional liquid supplement

N/A No data not recruiting

NCT05703997 SCLC 20 atezolizumab cyclic, 5-day, calorie-restricted,

plant-based, low-protein,

low-carbohydrate diet

2 Italy not recruiting

NCT05763992 triple-negative

breast cancer

145 pembrolizumab fasting-like approach (FLA):

a plant-based, low-calorie,

low-protein, low-carbohydrate diet

2 Italy recruiting

HNSCC, head and neck squamous cell carcinoma; SCLC, small cell lung cancer.
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Prebiotics

Recent research has highlighted the benefits of certain prebiotics

in enhancing the efficacy of cancer immunotherapy by modu-

lating the metabolism of gut microbes.111 One major example is

inulin, which can improve response of T cells and enhance anti-

PD-1 efficacy by regulating the gut microbiome.112,113 Similarly,

ginseng polysaccharides were found to impact IDO activity and

enhance anti-PD-1 antitumor response by modulating microbial

metabolites and promoting effector T cells while suppressing

Tregs.114 Ganoderma lucidum polysaccharide also showed tu-

mor-suppressive benefits by alleviating gut dysbiosis, increasing

SCFA production, and mitigating endotoxemia by suppressing

the TLR4/MyD88/NF-kB pathway.115

Clinical trials have been conducted to investigate the use of

prebiotics as adjuvants for cancer treatment. In a completed

phase 1 trial (NCT01829373), the efficacy and safety of an oral

b-glucan prebiotic in combination with a lung cancer vaccine

was assessed. Another ongoing clinical trial (NCT04552418) is

investigating the effect of resistant starch supplement in patients

with advanced or metastatic solid tumors and aims to evaluate

its impact on patient outcomes. Although no results have been

reported, these trials signify the growing interest in exploring

the potential of prebiotics combined with cancer treatment.

Dietary intervention

Given that gut microbes are readily affected by diet, dietary inter-

vention has gained interest as a potential strategy to enhance

immunotherapy efficacy by modulating the gut microbiome.116

Several dietary interventions, such as fasting-mimicking diets

(FMDs),117 ketogenic diets,118 high-fiber diets,119 low-protein di-

ets, and prolonged nightly fasting, are being investigated for their

ability to shape the microbiome and create a more favorable

environment for cancer treatment.

Multiple clinical trials (NCT03340935, NCT03595540, and

NCT03700437) have evaluated the synergistic antitumor effect

of FMD in combination with immunotherapy. In a clinical trial

(NCT03340935), 5 out of 101 patients with advanced solid neo-

plasms and poor prognosis achieved complete and durable tu-

mor response after treatment of cyclic FMD combined with stan-

dard systemic treatments.117 Integrated transcriptomic and

deep-phenotyping analyses revealed that FMD markedly en-

hances anticancer immunity by reducing immunosuppressive

myeloid cells and Tregs in peripheral blood, enhancing Th1/cyto-

toxic responses in the TME and upregulating immune signatures

(e.g., IFN-g), all of which are associated with improved patient

outcomes.120 These findings thus prompt further clinical investi-

gations to assess the therapeutic potential of cyclic FMD com-

bined with standard cancer treatment in clinical settings.

A ketogenic diet aims to promote fat metabolism to override

glucose utilization. In particular, a ketogenic diet induces the

production of ketone bodies, which have the ability to regulate

the microbiome and decrease the proportion of proinflammatory

Th17 cells in the gut lamina propria.121 Preclinical studies have

demonstrated the potential of ketogenic dietary intervention

and the ketone body 3-hydroxybutyrate in inhibiting tumor

growth and enhancing ICB efficacy.118 In humans, an ongoing

clinical trial (NCT04316520) is currently evaluating the use of a

ketogenic diet in patients receiving first-line treatment for meta-

static RCC. Also underway is another pilot study (NCT05119010)
aiming to assess the efficacy of a ketogenic diet or ketone sup-

plements in combination with nivolumab and ipilimumab in pa-

tients with metastatic RCC. These investigations may provide

critical insights into the discovery of dietary strategies that could

be utilized in standard cancer treatment regimens to improve pa-

tient outcomes.

A high-fiber diet has been associated with positive effects in

cancer patients receiving immunotherapy. This diet can promote

the enrichment of beneficial commensal bacteria and improve

antitumor immune response while reducing the risk of irAEs. In

melanoma patients receiving combined neoadjuvant therapy

and ICIs, a high-fiber diet was demonstrated to increase the

abundance of Ruminococcaceae, leading to improved antitumor

immune response and decreased risk of irAEs during immuno-

therapy.119,122 In another study by Spencer et al., increased die-

tary fiber intake was found to be significantly associated with

improved PFS in patients receiving ICIs, especially for those

who consumed sufficient dietary fiber and did not use probiot-

ics.119 Currently, two clinical trials (NCT04645680 and

NCT04866810) are investigating the effect of a high-fiber diet

in patients with melanoma and RCC, respectively.

A low-protein diet is another dietary intervention and has been

studied in a clinical trial (NCT05356182) focusing on head and

neck squamous cell carcinoma. Prolonged nightly fasting is the

focus of another clinical trial (NCT05083416), which aims to eval-

uate the effect of fasting on cancer progression, treatment

response, and survival outcomes in patients with triple-negative

breast cancer. Collectively, all these clinical trials promise to un-

cover the potential benefits of various dietary interventions as

adjuncts to cancer immunotherapy, thereby providing more op-

tions to improve patient outcomes.

CURRENT CHALLENGES AND FUTURE DIRECTIONS

Limitations and challenges
Uncertain clinical relevance

The characteristics of the human gutmicrobiome can vary signif-

icantly due to inter-individual differences, including genetics, di-

etary habits, age, sex, accompanying diseases, and ethnicity.123

Such variability can yield inconsistent findings among different

studies, therefore challenging the clinical evaluation of micro-

biome-targeting strategies in immunotherapy. Moreover, as the

gut microbiome varies greatly, it remains difficult to identify uni-

versal microbial biomarkers that are applicable for patients from

the global population.

Lack of mechanistic understanding

Although the correlation between the gut microbiome and can-

cer immunotherapy has been extensively studied, uncovering

the causality and underlying mechanisms remains challenging.

In addition to the gut microbiome, it is crucial to explore the

mechanisms involved in the translocation of intratumoral mi-

crobes and their impacts on immunotherapy. Further research

is needed to elucidate how particular microbes interact with

the host’s antitumor immunity, ultimately influencing the efficacy

of immunotherapy.

Lack of standardization

It is inevitable that distinct approaches of sample collection, stor-

age, and processing methods were used by different studies.
Cell Reports Medicine 5, 101478, April 16, 2024 13
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Such inter-study methodological variation can introduce biases

and affect the reproducibility of microbiome studies. Standard-

izing protocols is therefore crucial for meaningful comparisons

across studies and institutions. Moreover, in regard of live bio-

therapy such as FMT, there is also a lack of standardized dosage

and frequency protocols as well as insufficient preclinical and

clinical evidence.

Safety of microbial intervention

FMT has been proposed as a potential approach to address ICI

resistance. However, adverse events related to FMT have been

reported, with an incidence of 19% and serious adverse events

accounting for approximately 1.4% of all cases.124 It is important

to improve and establish stricter criteria during donor screening

and testing protocols, thereby ensuring the safety of FMT in the

recipient cancer patients. Meanwhile, more high-quality clinical

data are needed to determine the safety and effectiveness of

FMT as an adjuvant for cancer immunotherapy.

Strategies to overcome challenges and improve clinical
translation
Large-scale and longitudinal studies

The variability of the gut microbiome has been a challenge to

identifying universal microbial signatures of immunotherapy

response. To address this issue, conducting large-scale clinical

trials with diverse patient populations is crucial to determine the

clinical significance of microbiome signatures and interventions.

Indeed, while most previous trials involved relatively small co-

horts of patients, several clinical trials with large cohort size

are currently under way (Tables 1, 2, and 3). For example, the

MITRE trial (NCT04107168) aims to recruit 1,800 participants

across three cancer types, while another multi-center observa-

tional study (UMIN000046428) involving 400 lung cancer pa-

tients leverages artificial intelligence to identify microbial predic-

tive biomarkers of immunotherapy response.125,126 In addition,

longitudinal studies that track the changes in the gut microbiome

before, during, and after immunotherapy can also offer valuable

insights into its dynamic nature and interaction with the

treatment.

Multidisciplinary collaboration

The role of the gut microbiome in cancer immunotherapy in-

volves intricate correlations amongmultiple factors including mi-

crobes, host immunity, and tumor cells. Therefore, effective

collaboration among professionals from multiple aspects,

including microbiologists, immunologists, oncologists, and bio-

informaticians, is essential for gaining a comprehensive under-

standing and translation of microbiome research into clinical

practice. In particular, by bringing experts together it becomes

possible for integrative analysis on microbiome data with clinical

parameters and immune profiling, hence facilitating amore holis-

tic approach for studying the role of the gut microbiome as well

as identifying microbial biomarkers that could accurately predict

immunotherapy response.

Mechanistic investigation

Prior to the translation of preclinical findings into clinical practice,

it is necessary to fully understand the mechanistic role of the gut

microbiome in cancer immunotherapy. Animal models such as

gnotobiotic mice remain the most robust tool for mechanistic

investigation, as they allow researchers to study the effects of
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specific microbial populations on immunotherapy. Techniques

such as FMT and selective colonization can also introduce spe-

cific microbes into these preclinical models to examine their ef-

fects. In vitro cell culture is another common methodology that

involves coculture of immune cells with microbes to investigate

the direct interaction and underlying signaling betweenmicrobes

and the immune system. In terms of bioinformatics, integrative

analysis of multi-omics data such asmetagenome, metabolome,

transcriptome, and proteome data can provide a more compre-

hensive understanding of the gut microbiome and its functional

interaction with host cells in the context of immunotherapy.

Standardization of protocols

Standardizing protocols for sample collection, storage, and pro-

cessing is crucial to ensure the comparability of gut microbiome

studies. Collaborative efforts among researchers and institutions

are necessary to establish consensus guidelines for these proto-

cols, thereby maintaining the reproducibility of microbiome

studies on cancer immunotherapy.

Regarding the safety of FMT, it is important to establish a uni-

versally recognized and consistent protocol for handling the

donor stools. To enhance the clinical accessibility of FMT, an in-

ternational consensus was convened and formulated a guideline

to standardize operating manuals of stool banks by donor mate-

rial handling, storage, and donor screening.127 Rigorous donor

screening and testing protocols should be implemented to

enhance the safety of FMT, with careful assessment for infec-

tious diseases and potential pathogens. Apart from safety, it is

also essential to optimize the efficacy of FMT. This can be

achieved by emphasizing donor-recipient selection through

rational strategies, for instance by analyzing microbiome profiles

to identify suitable matches, functional assessment, longitudinal

monitoring, and enhancing donor diversity. By implementing

more precise strategies, the challenges in studying the gut mi-

crobiome can be mitigated, leading to more reliable and accu-

rate clinical findings.

Future directions to optimize microbial interventions in
immunotherapy
Advances in sequencing

Currently, the most used sequencing methods for studying the

gut microbiome are 16S rRNA sequencing and shotgun metage-

nomic sequencing. Although the latter is much more costly, it is

capable of profiling microbes at deeper taxonomic resolution.

Meanwhile, integrative analysis of metagenomic data with

different sequencing such as transcriptomic, proteomic, and

metabolomic sequencing can provide additional functional in-

sights. Recent advances in sequencing technology also enable

analysis of newer aspects, including single-cell imaging and

spatial transcriptomics, which allow characterization of spatial

distribution and interaction among gut microbes.128 Using

more diverse sequencing methods, future research can reach

a more detailed and deeper understanding of the gut micro-

biome and its role in the TME and immunotherapy.

Engineered and surface-modified bacteria

Advances in synthetic biology and microbial engineering offer

the potential to design and develop engineered microbes with

specific functions to enhance immunotherapy response. For

example, genetically engineered Escherichia coli Nissle 1917
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has been used to produce and release nanobodies that target

immune checkpoint molecules in the TME, thereby enhancing

systemic antitumor immunity.129 Another study reported that

modifying E. coli SYNB1891 to express immunostimulatory mol-

ecules (e.g., STING agonists) can stimulate IFN expression to

exhibit antitumor effects.130 Loading genes expressing anti-

bodies into Salmonella also showed promising results, with

improved drug delivery and enhanced treatment efficacy.131

Another strategy is surfacemodification of bacteria, which works

by altering the structure of the bacterial envelope to confer a new

biological property.132 Although this technique is relatively new,

a study demonstrated that surface decoration of bacteria with

checkpoint-blocking antibodies and tumor-specific antigens

improved antitumor efficacy in preclinical models.133

Bioengineered bacterial extracellular vesicles

Current research is actively investigating bacterial extracellular

vesicles (BEVs) as a viable alternative to using entire bacteria to

mediate immune response at systemic humoral and cellular

levels. Recent studies have successfully developed genetically

modified BEVs with the insertion of the ectodomain of PD-1 anti-

body, which offers a significant advantage by binding to PD-L1 on

tumor cells to facilitate the reduction of PD-L1 level and protecting

T cells from the immunosuppressive PD-1/PD-L1 axis.134 This ge-

netic modification is able to enhance antitumor efficacy through

the intratumoral accumulation of effector T cells and comprehen-

sive TME modulation, ultimately surpassing the efficacy of native

BEVs and PD-L1 monotherapy. However, large-scale production

of safe and efficient BEVs, which remains challenging, will be

necessary prior to the implementation of these novel cancer

immunotherapeutic agents in clinical practice.135,136

CONCLUSIONS

The importance of the gut microbiome in cancer immuno-

therapy, as well as irAEs, is now well acknowledged. Since

various gutmicrobes can influence systemic immune responses,

the TME, and immunotherapy efficacy, increasing evidence has

demonstrated that harnessing the gut microbiome can lead to

improved treatment outcomes. However, there are still chal-

lenges and limitations that need to be addressed, especially

regarding the lack of standardized protocols for sample collec-

tion, storage, and analysis, which are crucial for ensuring repro-

ducibility and comparability across different studies. Further

research is also needed to establish causality and develop mi-

crobial interventions that can be applied in actual clinical set-

tings.Multidisciplinary collaboration, mechanistic investigations,

and large-scale clinical trials are therefore necessary to advance

the current understanding of the gut microbiome in cancer

immunotherapy.

It is important that personalized approaches considering indi-

vidual microbiome profiles, immune status, and treatment regi-

mens should be a focus in future research. Identifying robust mi-

crobial biomarkers, refining microbial interventions, and

exploring microbial engineering techniques may provide further

insights into the enhancement of cancer immunotherapy. In

particular, comprehensively unraveling the role of the gut micro-

biome may yield potential to optimize treatment strategy and

improve patient outcomes. To date, the gut microbiome repre-
sents a promising therapeutic target and an exciting area of

research. Further investigations of gut microbes and clinical ap-

plications that aim to modulate the gut microbiome can

contribute to the development of personalized and more effec-

tive strategies for cancer patients receiving immunotherapy.
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120. Vernieri, C., Fucà, G., Ligorio, F., Huber, V., Vingiani, A., Iannelli, F., Rai-
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