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AbsTRACT
Despite the promising advances in novel cancer therapy 
such as immune checkpoint inhibitors (ICIs), limitations 
including therapeutic resistance and toxicity remain. In 
recent years, the relationship between gut microbiota 
and cancer has been extensively studied. Accumulating 
evidence reveals the role of microbiota in defining 
cancer therapeutic efficacy and toxicity. Unlike host 
genetics, microbiota can be easily modified via multiple 
strategies, including faecal microbiota transplantation 
(FMT), probiotics and antibiotics. Preclinical studies have 
identified the mechanisms on how microbes influence 
cancer treatment outcomes. Clinical trials have also 
demonstrated the potential of microbiota modulation 
in cancer treatments. Herein, we review the mechanistic 
insights of gut microbial interactions with chemotherapy 
and ICIs, particularly focusing on the interplay between 
gut bacteria and the pharmacokinetics (eg, metabolism, 
enzymatic degradation) or pharmacodynamics 
(eg, immunomodulation) of cancer treatment. The 
translational potential of basic findings in clinical settings 
is then explored, including using microbes as predictive 
biomarkers and microbial modulation by antibiotics, 
probiotics, prebiotics, dietary modulations and FMT. We 
further discuss the current limitations of gut microbiota 
modulation in patients with cancer and suggest essential 
directions for future study. In the era of personalised 
medicine, it is crucial to understand the microbiota 
and its interactions with cancer. Manipulating the gut 
microbiota to augment cancer therapeutic responses can 
provide new insights into cancer treatment.

InTRoduCTIon
Human microbiota is a dynamic collection of 
40 trillion microbes, with 3000 species encom-
passing bacteria, fungi and viruses. They mainly 
inhabit the epithelial surfaces especially the GI 
tract.1 2 The gut microbiota orchestrates broad 
aspects of physiological functions, including nutri-
tional responses and intestinal and immune system 
homeostasis.3–5 Dysbiosis, the microbiota compo-
sitional shift with disrupted homeostasis, is associ-
ated with diseases including GI, neurological and 
metabolic disorders.5 6 Specific gut microbes have 
also been linked to the pathogenesis of cancers, 
particularly GI malignancies.7 8 For instance, the 
Fusobacterium nucleatum antigen adhesin A (FadA) 
promotes colorectal cancer (CRC) via E- cadherin- 
Wnt-β-catenin signalling; genotoxin colibactin 
from polyketide synthase (PKS- positive Esche-
richia coli enhances colorectal tumourigenesis; and 
Bacteroides fragilis toxin generates reactive oxygen 
species (ROS), causing DNA damage.8–11 While 

these bacteria have direct effects on tumourigenesis, 
some microbes promote inflammation or weaken 
immunosurveillance to indirectly facilitate cancer 
development. These microbial immunomodulatory 
activities are referred to as the ‘immune- oncology- 
microbiome axis’.1

Beyond pathogenesis, the microbiota also modu-
lates cancer treatment responses. Despite the rapid 
development in cancer therapy, challenges remain—
acquired resistance, adverse effects and heteroge-
neous treatment outcomes. Pharmacogenomics is 
at the forefront of scientific research studying the 
impact of genetic variants on individual pharmaco-
logical responses.12 However, pharmacogenomics 
cannot fully elucidate the interindividual disparity 
in drug responses, implying the presence of other 
contributors.13 Since the gut microbiota is consid-
ered as the second genome in humans, the concept 
of ‘pharmacomicrobiomics’ has been proposed 
to explain the unsolved questions of pharmacog-
enomics. Pharmacomicrobiomics focuses on the 

Key messages

 ⇒ Emerging evidence has shown the critical 
role of gut microbiota in modulating cancer 
treatment outcomes especially in chemotherapy 
and immunotherapy.

 ⇒ The gut microbiota has extremely complex 
interactions with cancer drugs by means of 
pharmacokinetics (eg, metabolism, enzymatic 
degradation) and pharmacodynamics (eg, 
immunomodulation).

 ⇒ Meanwhile, cancer therapy can alter the 
microbiota composition, creating bidirectional 
interactions.

 ⇒ The gut microbiota has the potential to be 
a predictive biomarker for cancer treatment 
responses, which can be useful in guiding the 
selection of appropriate cancer treatments.

 ⇒ Microbiota modulation, including antibiotics, 
probiotics, prebiotics, dietary modulation and 
faecal microbiota transplantation, has shown 
potential in optimising cancer treatment 
outcomes.

 ⇒ The gut microbiota can be more easily modified 
compared with host genetics and is expected to 
play a vital role in next- generation personalised 
medicine.

 ⇒ Future research should identify a consortium of 
microbes with remarkable influence on cancer 
treatments as well as an optimised approach 
for microbiota modulation.
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interplay between gut microbiota and drug response through 
alterations in pharmacokinetics (ie, modification of drug absorp-
tion, distribution, metabolism or elimination) or pharmacody-
namics (ie, modification of drug targets or biological pathways 
leading to varying sensitivity to pharmacological effects).12 
Growing evidence has revealed the intimate relationship 
between the gut microbiota and anticancer treatments, including 
chemotherapy,14 radiotherapy,15 targeted therapy16 and immu-
notherapy.1 Harnessing the microbiota to optimise cancer treat-
ments has become an alternate avenue for personalised medicine.

Here, we review the pharmacomicrobiomic interactions 
between the bacterial component of microbiota and chemo-
therapy or immune checkpoint inhibitors (ICIs). We highlight 
the mechanistic insights of microbial influences on anticancer 
agents in terms of pharmacokinetics and pharmacodynamics. The 
translational potential of these basic findings is also explored. 

We further discuss the current limitations in cancer pharmacomi-
crobiomics and suggest feasible future directions.

MICRobIoTA And CheMoTheRApy
Alkylating agents, antimetabolites, topoisomerase inhibitors, 
mitotic inhibitors and cytotoxic antibiotics are chemotherapies 
with different mechanisms of action. Their anticancer activities 
rely on disrupting DNA integrity, enzymes for DNA repair and 
synthesis. However, chemotherapy also damages normal cells 
due to its non- specificity.17 Recent findings have suggested that 
targeting microbiota could be promising to improve chemo-
therapeutic efficacy and reduce toxicity (table 1). Generally, 
commensal microbes interact with chemotherapeutics mainly 
by modulating drug metabolism (ie, pharmacokinetics) and host 
immunity (ie, pharmacodynamics).

Table 1 Summary of modulation of chemotherapy efficacy and toxicity by microbiota

Chemotherapy Involved microbes Mechanisms Translational potential

Irinotecan (CPT- 11)  ► β-glucuronidase- expressing 
bacteria, especially Clostridium 
clusters XIVa and IV, including 
Clostridium, Eubacterium and 
Ruminococcus genera.23 24

 ► Bacterial β-glucuronidase reactivated SN- 38G to SN- 38 
in the gut, inducing significant intestinal toxicity and 
diarrhoea.22

 ► Probiotics could reduce the activity of 
β-glucuronidase to decrease incidence of 
irinotecan- induced diarrhoea.64

5- Fluorouracil  ► Escherichia coli.  ► Bacterial vitamins B6 and B9, ribonucleotide metabolism, and 
deoxynucleotide imbalance increased the efficacy of 5- FU.31

 ► N/A.

 ► Fusobacterium nucleatum.  ► F. nucleatum activated TLR4/MYD88- dependent pathway to 
switch CRC cells from apoptosis to autophagy and promote 
chemoresistance.47

 ► F. nucleatum alone had higher accuracy 
than the AJCC staging in predicting CRC 
recurrence.47

Floxuridine  ► E. coli and Comamonas.  ► E. coli OP50 increased the efficacy of FUDR; Comamonas 
decreased the efficacy of FUDR.32

 ► N/A.

Camptothecin  ► Comamonas.  ► Comamonas increased the efficacy of CPT via metabolism- 
independent mechanism.32

 ► N/A.

Gemcitabine  ► Mycoplasma hyorhinis and 
Gammaproteobacteria.

 ► Bacterial long isoform cytidine deaminase metabolised 
gemcitabine into its inactive form.36

 ► Intratumoral LPS, a surrogate marker for 
Gram- negative bacteria, could be used as a 
negative predictor of gemcitabine efficacy in 
PDAC.50

 ► Antibiotic use was associated with improved 
gemcitabine response in patients with 
pancreatic cancer.53–55

Cyclophosphamide  ► Enterococcus hirae, Lactobacillus 
johnsonii, L. murinus and 
Barnesiella intestinihominis.

 ► L. johnsonii and E. hirae translocated into mesenteric 
lymph nodes and spleen to stimulate Th1 and Th17 immune 
response on CTX treatment.39

 ► E. hirae also increased the intratumoral CD8+/Treg ratio.40

 ► B. intestinihominis promoted infiltration of IFN-γ-producing 
γδT cells in cancer lesions on treatment with CTX.40

 ► E. hirae- specific and B. intestinihominis- 
specific Th1 cell responses were correlated 
with longer PFS in chemotherapy patients.40

 ► Patients receiving anti- Gram- positive 
antibiotics and cyclophosphamide/cisplatin 
concurrently had significantly lower PFS and 
OS.56–58

Oxaliplatin  ► Unspecified.  ► Modulation of MYD88- dependent signalling pathway 
primed intratumoral myeloid cells for ROS production.42 43

 ► N/A.

 ► Immunogenic commensals (non- 
enterotoxigenic Bacteroides 
fragilis and Erysipelotrichaceae 
family).

 ► Epithelial cell apoptosis induced by oxaliplatin plus 
immunogenic commensals stimulated TFH cells to interact 
with B cells for IgG2b response and enhanced anticancer 
effector/memory CD8+ T cells.44

 ► Butyrate- producing bacteria.  ► Butyrate activated CD8+ T cells via ID2- dependent IL- 12 
signalling to promote anticancer immune response.46

 ► Gram- negative bacteria with LPS 
component.

 ► Microbial LPS interacted with TLR4 on macrophages causing 
hyperalgesia.48

Cisplatin  ► Unspecified.  ► Modulation of MYD88- dependent signalling pathway 
primed intratumoral myeloid cells for ROS production.42 43

 ► Patients receiving anti- Gram- positive 
antibiotics and cyclophosphamide/cisplatin 
concurrently had significantly lower PFS and 
OS.56–58

AJCC, American Joint Committee on Cancer; CPT- 11, irinotecan; CPT, camptothecin; CRC, colorectal cancer; CTX, cyclophosphamide; 5- FU, 5- fluorouracil; FUDR, floxuridine; ID2, 
inhibitor of DNA binding 2; IFN-γ, interferon-γ; IL, interleukin; LPS, lipopolysaccharides; MYD88, myeloid differentiation primary response 88; N/A, not applicable; OS, overall 
survival; PDAC, pancreatic ductal adenocarcinoma; PFS, progression- free survival; ROS, reactive oxygen species; SN- 38, 7- ethyl- 10- hydroxycamptothecin; TFH, follicular T helper; 
Th, T helper; TLR4, toll- like receptor- 4; Treg, T regulatory cells.
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Mechanistic overview
Gut bacteria and pharmacokinetics of chemotherapy
Having millions of protein- coding genes, gut bacteria can not 
only process ingested nutrients but also alter drug pharmacoki-
netics.18 Microbes- mediated drug metabolism can be divided into 
direct or indirect interactions.18 Microbes can directly convert 
drugs into active, inactive or even toxic metabolites. Alter-
natively, this process can be indirectly mediated by microbes- 
derived metabolites.18 Here, how bacterial metabolism affects 
chemotherapeutic outcomes is discussed.

Irinotecan (CPT- 11), a topoisomerase I inhibitor, is effec-
tive against various cancers and has been the first- line treat-
ment for metastatic CRC.19 20 Mechanistically, tissue and serum 
carboxylesterase activates intravenous CPT- 11 into metabolite 
7- ethyl- 10- hydroxycamptothecin (SN- 38), which then inhibits 
topoisomerase I to stop DNA replication and transcription 
of tumour cells.19 The major downside of CPT- 11 is its dose- 
limiting side effect of severe diarrhoea occurring in up to 40% 
of patients.19 SN- 38 is detoxified into SN- 38G by liver uridine 
diphosphate–glucuronosyltransferase before being excreted to 
the intestine,21 where bacterial β-glucuronidase could convert 
SN- 38G back to cytotoxic SN- 38, causing severe diarrhoea22 
(figure 1A). While Clostridium clusters XIVa and IV (including 
Clostridium, Eubacterium and Ruminococcus) are major 
producers of β-glucuronidase,23 24 CPT- 11 could increase the 
abundance of Clostridium and Enterobacteriaceae in rat, indi-
cating that CPT- 11 itself enhances bacterial β-glucuronidase 
activity.25 A logical question to ask here is whether β-glucuro-
nidase could be inhibited to reduce CPT- 11 toxicity. Selective 
β-glucuronidase inhibitors have now been developed to prevent 
CPT- 11- induced microbial alteration and epithelial damage.26 
For example, pyrazolo[4,3- c]quinoline derivatives (TCH- 
3562) and uronic isofagomine derivatives could reduce CPT- 
11- induced complications without impairing its efficacy.27–29 
Reducing CPT- 11 toxicity could in turn increase patients’ toler-
ance to higher dosage, leading to better therapeutic outcomes.30 
This example illustrates the reciprocal interactions between 
commensal bacteria and chemotherapy, demonstrating the 
potential of microbiota modulation in reducing therapeutic 
toxicity and enhancing efficacy.

Beyond drug toxicity, bacterial metabolism is essential to drug 
effects. Recent studies using Caenorhabditis elegans models have 
identified bacterial genes mediating chemotherapeutic efficacy 
especially those involved in ribonucleotide and vitamin B6 and B9 
metabolism.31 32 Mechanistically, bacterial ribonucleotide metab-
olism is required to activate 5- fluorouracil (5- FU) into cytotoxic 
5- fluorouridine triphosphate for exhibiting its RNA- damaging 
effects in C. elegans31 32 (figure 1B). Disruption of bacterial 
vitamin B6 and B9 production, which is linked to ribonucleotide 
metabolism, diminishes 5- FU efficacy, thus implicating the influ-
ence of bacterial metabolites on chemotherapeutics.31 Notably, 
the antidiabetic drug metformin could inhibit the bacterial one- 
carbon metabolism which is needed for 5- FU to exhibit its anti-
cancer effects, causing reduction of 5- FU efficacy.31 Therefore, 
special caution is necessary when using chemotherapy in patients 
with cancer with comorbidity.

Microbes are present intratumorally which can modu-
late chemotherapeutic efficacy via enzymatic reactions33 34 
(figure 1C). Gemcitabine is a nucleoside analogue for treatment 
of pancreatic ductal adenocarcinoma (PDAC). However, gemcit-
abine chemoresistance is common in PDAC, which was initially 
suspected to be caused by the enzyme cytidine deaminase (CDD) 
of tumour- infecting Mycoplasma hyorhinis.35 Later, scientists 

discovered that only the long isoform of bacterial CDD (CDD- L) 
but not the short isoform (CDD- S) could metabolise gemcitabine 
into inactive metabolite 2’,2’-difluorodeoxyuridine. More than 
98% of bacterial species with CDD- L are Gammaproteobacteria, 
which are commonly enriched in PDAC tumour tissues.36 Yet M. 
hyorhinis carries CDD- S but still confers gemcitabine resistance, 
suggesting that contributors other than CDD isoforms also cause 
chemoresistance. Notably, an exciting translational finding is 
that coadministration of antibiotic ciprofloxacin could reverse 
gemcitabine chemoresistance in mice.36 However, current studies 
mainly focus on the interplay between intratumoral microbiota 
and chemoresistance, while how gut microbes influence the 
intratumoral microbiota composition remains elusive.37 38 It 
is still uncertain about how these microbes enter tumours and 
the microbial biomass required to inactivate gemcitabine. More 
preclinical studies are required before translating mechanistic 
findings into clinical applications.

Gut bacteria and pharmacodynamics of chemotherapy
Beyond pharmacokinetics, the gut microbiota can alter patients’ 
sensitivity and response to chemotherapy (ie, pharmacody-
namics) via immunomodulation. Apart from cytotoxic effects, 
chemotherapeutics such as cyclophosphamide (CTX) also stim-
ulate anticancer immunity.17 Here, how the immunomodulation 
of gut bacteria influences chemotherapeutic efficacy is explored.

CTX, an alkylating chemotherapeutic agent, induces anti-
cancer immunity by depleting immunosuppressive T regulatory 
cells (Treg) and promoting T helper (Th)- 1 cell differentiation.17 
CTX also modifies the gut microbiota to bolster its immu-
nomodulatory effects. It shortens the intestinal villi in mice 
to increase intestinal permeability for the translocation of 
Enterococcus hirae and Lactobacillus johnsonii into secondary 
lymphoid organs.39 Such translocation accumulates ‘pathogenic’ 
Th17 and memory Th1 cells, which are essential for CTX- 
induced anticancer immune response.39 E. hirae also increases 
the intratumoral CD8+ T cells to CD4+ Treg ratio and even 
reverses CTX chemoresistance in antibiotics- treated mice40 
(figure 1D). In contrast, Barnesiella intestinihominis is not trans-
located but accumulates in the colon to stimulate systemic poly-
functional CD8+ cytotoxic T cells and Th1 cells, promoting 
intratumoral infiltration of interferon (IFN)-γ-producing γδT 
cells.40 41 Notably, these bacterial anticancer effects are limited by 
the pattern recognition receptor nucleotide- binding oligomerisa-
tion domain- containing 2 (NOD2), suggesting the possibility of 
combining NOD2- targeted therapy with CTX to optimise treat-
ment responses.

Oxaliplatin and cisplatin are platinum- based antineoplastic 
drugs. Their early cytotoxic effects rely on ROS production, 
which is dependent on an intact microbiota. Gut microbes 
especially Gram- positive bacteria modulate myeloid differen-
tiation primary response 88 (MYD88)- dependent signalling 
pathway to prime intratumoral myeloid cells for ROS gener-
ation in response to oxaliplatin42 43 (figure 1E). Similarly, the 
gut bacteria also mediate their late immunomodulatory effects. 
Oxaliplatin- induced anticancer immune response requires both 
the antigenicity from oxaliplatin- induced apoptosis and immu-
nogenic gut commensals.44 Immunogenic bacteria, including 
non- enterotoxigenic B. fragilis and Erysipelotrichaceae, stimu-
late migratory dendritic cells (DCs) to signal follicular T helper 
(TFH) cells via interleukin (IL) 1β and IL- 12. Stimulated TFH 
cells then interact with B cells to increase IgG2b response, 
enhancing the anticancer effector/memory CD8+ T cell activity. 
However, these immune responses are significantly reduced 
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Figure 1 Mechanisms of microbiota modulation on chemotherapy response. (A) Irinotecan (CPT- 11) is converted to SN- 38 to elicit its cytotoxic 
effect after injection into the body. SN- 38 is then detoxified by UGT in the liver to become SN- 38G and excreted into the GI tract. The gut 
bacteria can reactivate and convert SN- 38G back to SN- 38, causing toxicity to intestinal cells. (B) Bacterial ribonucleotide metabolism activates 
fluoropyrimidine prodrugs into activated forms for cytotoxic effects. Vitamin B6 and B9 production is required for the metabolism. (C) Intratumoral 
Gammaproteobacteria with long isoform of cytidine deaminase can inactivate gemcitabine, leading to chemoresistance. (D) CTX increases intestinal 
permeability to promote Enterococcus hirae translocation into the spleen to increase pathogenic Th17 cells and intratumoral CD8+/CD4+ T cells ratio. 
(E) Gut microbes can prime tumour- infiltrating myeloid cells via MYD88- dependent pathway for ROS production in response to chemotherapeutic 
drugs. (F) Antigenicity from oxaliplatin- induced apoptosis of epithelial cells together with immunogenic bacteria, including non- enterotoxigenic 
Bacteroides fragilis and Erysipelotrichaceae, can stimulate the differentiation of migratory DCs to TFH cells for B cell activation. (G) Microbial 
metabolites such as butyrate can activate cytotoxic CD8+ T cells to enhance the efficacy of oxaliplatin. (H) Fusobacterium nucleatum can activate 
TLR4/MYD88- dependent pathway to inhibit certain miRNAs and switch tumour cells from apoptosis to autophagy, leading to chemoresistance. 
Figure created with BioRender.com. CPT- 11, irinotecan; CTL, cytotoxic T lymphocyte; CTX, cyclophosphamide; DCs, dendritic cells; FdUMP, 
5- fluorodeoxyuridine 5′-monophosphate; FUMP, 5- fluorouridine 5′-monophosphate; FUTP, 5- fluorouridine 5′-triphosphate; GzmB, Granzyme B; IFN-γ, 
interferon-γ; IL, interleukin; miRNA, microRNA; MYD88, myeloid differentiation primary response 88; NK, natural killer; PFN, perforin; pTH17 cells, 
pathogenic T helper 17 cells; ROS, reactive oxygen species; SN- 38, 7- ethyl- 10- hydroxycamptothecin; TFH, follicular T helper; TLR4, toll- like receptor-4; 
TNF-α, tumour necrosis factor alpha; Treg, T regulatory cells; UGT, uridine diphosphate glucuronosyltransferase.
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in the absence of immunogenic gut commensals44 (figure 1F). 
Besides direct interactions with immune cells, anticancer immu-
nity can also be modulated by metabolites.45 46 For example, 
short- chain fatty acids (SCFAs), particularly butyrate, could 
inhibit histone deacetylases to increase expression of the DNA 
transcription regulator inhibitor of DNA binding 2 (ID2). ID2 
then boosts the cytotoxic function of CD8+ T cells via IL- 12 
signalling to promote oxaliplatin- induced anticancer immune 
response46 (figure 1G).

Meanwhile, microbial immunomodulation is also involved in 
chemoresistance and therapeutic toxicity. F. nucleatum, which 
is highly enriched in patients with CRC, not only promotes 
colorectal tumourigenesis11 but also induces chemoresistance 
to oxaliplatin and 5- FU. It activates toll- like receptor (TLR)- 4/
MYD88- dependent pathway and inhibits microRNA to switch 
CRC cells from apoptosis to autophagy. This in turn promotes 
CRC cell survival under chemotherapy47 (figure 1H). Moreover, 
the gut microbiota also contributes to mechanical hyperalgesia, 
a dose- limiting complication of oxaliplatin. Although the mech-
anism is not fully characterised, hyperalgesia is in part mediated 
by the interactions between bacterial lipopolysaccharide and 
macrophage TLR4.48

The host–microbes–drug interactions affecting chemother-
apeutic efficacy and toxicity are extremely complex. Even 
different strains of a bacterial species could have distinct effects, 
as exemplified by enterotoxigenic and non- enterotoxigenic B. 
fragilis, of which the former promotes CRC while the latter 
enhances oxaliplatin efficacy.44 49 Simultaneously, chemotherapy 
can alter microbiota composition, leading to great disparity 
in interactions between microbes and drugs among different 
cancers and individuals. Altogether, these studies have shown 
the indispensability of gut microbiota to chemotherapy. The 
impact of concurrent antibiotic use on chemotherapy and the 
translational potential of these basic findings are worth further 
investigations.

bench-to-bedside translation
Predictive biomarkers
Preclinical studies have provided mechanistic basis of how 
microbes affect chemotherapy. Some of these findings have 
been validated in human association studies, showing that 
certain microbial signatures are correlated with treatment 
responses, prognosis or incidence of adverse effects. These 
findings suggest the feasibility of using microbes as predictive 
biomarkers.

The relationship between CDD- L and gemcitabine chemore-
sistance is well established.36 As CDD- L is mainly found in Gram- 
negative bacteria, a clinical study demonstrated the potential of 
using intratumoral lipopolysaccharide, a cell wall component of 
Gram- negative bacteria, to be a negative predictor of gemcit-
abine efficacy in PDAC.50 Meanwhile, F. nucleatum- induced 
chemoresistance in mice could be conserved in human patients 
with CRC. Enrichment of intratumoral F. nucleatum is associ-
ated with shorter recurrence- free survival, and its abundance 
alone has higher accuracy than the American Joint Committee 
on Cancer staging in predicting CRC recurrence.47 In contrast, 
E. hirae- specific and B. intestinihominis- specific Th1 immune 
responses are correlated with improved progression- free 
survival (PFS) in chemotherapy- treated patients.40 Currently, 
the potential use of microbes, metabolites or enzymes in treat-
ment outcome prediction is being extensively investigated, such 
as examining β-glucuronidase level to predict CPT- 11- induced 
toxicity.51

Gut microbiota modulation
Concurrent antibiotic use is commonly applied to prevent 
opportunistic infection due to chemotherapy- induced immu-
nosuppression.52 However, antibiotics can change the micro-
bial community, which in turn alters chemotherapeutic effects. 
As intratumoral bacterial CDD- L confers gemcitabine chemo-
resistance,36 several retrospective clinical studies reported that 
antibiotics targeting the CDD- L- producing bacteria improve 
gemcitabine response in patients with PDAC.53–55 Notably, 
most of these association studies did not involve the collection 
of tumour samples; thus, how the intratumoral microbiota is 
altered by antibiotics remains undetermined.

Current studies on antibiotics and chemotherapy have yielded 
conflicting results. Pflug et al56 found that patients with chronic 
lymphocytic leukaemia or relapsed lymphoma receiving CTX/
cisplatin and antibiotics concurrently have significantly lower 
PFS and overall survival (OS). Observational studies in patients 
with head and neck57 or oesophageal cancer58 also yielded 
similar results. In general, antibiotic use in chemotherapy could 
be a double- edged sword. While it is essential in immunocom-
promised patients, antibiotics may induce gut dysbiosis, causing 
unfavourable chemotherapy outcomes. Several important ques-
tions should be addressed in future studies concerning antibi-
otics and chemotherapy: do antibiotics simultaneously remove 
beneficial microbes, leading to suboptimal responses? how can 
the risks and benefits of using prophylactic antibiotics in patients 
with cancer be balanced? is antibiotics a safe and effective way to 
modulate gut microbiota for optimal treatment response? Alter-
natively, more differentiated strategies could be applied, such as 
using selective antibiotics guided by antimicrobial susceptibility 
testing instead of prescribing broad- spectrum antibiotics.57

Another way to modify microbiota is supplementing probi-
otics, which are live microbes primarily containing Lactobacillus 
and Bifidobacterium species. Both preclinical59 60 and clinical61 62 
data have demonstrated that probiotics could improve chemo-
therapy outcomes.63 A randomised controlled trial showed that 
Bifidobacterium- based and Lactobacillus- based probiotics could 
reduce β-glucuronidase activity to decrease the incidence of CPT- 
11- induced diarrhoea.64 The probiotic Clostridium butyricum 
could reduce chemotherapy- induced diarrhoea among patients 
with lung cancer.65 However, these studies only included small 
cohorts yielding inconclusive results. Subsequent meta- analyses 
on clinical trials reported that there is insufficient evidence 
supporting probiotic use in preventing chemotherapy- induced 
diarrhoea.64 66 67 The small cohort size, the short duration of 
study and the presence of confounders inherent to study design 
are common limitations in current investigations. Although these 
studies demonstrated the safety of probiotic use, potential risks 
including bacteraemia should not be neglected in critically ill 
patients.68 Future studies should evaluate the optimal formula of 
probiotics, ensure their efficacy in large cohorts and standardise 
research methods to facilitate comparison across clinical trials.

Prebiotics are substrates selectively used by microbes confer-
ring health benefits which also modulate gut microbiota compo-
sition.69 Preclinical studies discovered that prebiotics inulin 
and oligofructose could potentiate the cytotoxic effects of 
5- FU and CTX,70 71 while oatbase72 and pectin73 could reduce 
methotrexate- induced enterocolitis. Theoretically, prebiotic 
consumption may selectively enrich beneficial probiotics, 
including Bifidobacterium and Lactobacillus, and increase SCFA 
production. Recent studies confirmed that dietary fibres supple-
mentation increases the abundance of Bifidobacterium, Lacto-
bacillus and faecal butyrate concentration in healthy adults.74 
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However, the exact mechanisms of how prebiotics augment 
chemotherapy outcomes remains elusive. The durability of 
prebiotics should also be explored. Prebiotics usually take 1–2 
weeks to alter microbiota composition, but the changes may be 
short- lived on resumption of normal nutritional intake.74 75 A 
clinical trial on patients with gynaecological cancer showed that 
taking prebiotics 1 week before to 3 weeks after radiotherapy 
could improve post- treatment stool consistency.76 However, 
clinical studies on the effects of prebiotics on chemotherapy are 
lacking. Another concern to note is the safety issue. Some oligo-
saccharides could indeed double the β-glucuronidase activity, 
aggravating CPT- 11- induced toxicity in mice.77 Future investi-
gations are warranted to address the clinical safety of prebiotics.

MICRobIoTA And ICIs
Resistance and recurrence are common problems of chemo-
therapy.78 Since the last decade, the rapid development of immu-
notherapy has reshaped clinical guidelines in oncology. Generally, 
tumour cells develop mechanisms to evade immunosurveillance, 
the host immunity for tumour eradication.79 80 Tumour cells 
could express programmed death- ligand 1 (PD- L1) that binds 
to programmed cell death protein- 1 (PD- 1) on T cells, causing 
their inactivation. Cytotoxic T lymphocyte- associated antigen- 4 
(CTLA- 4) is another immune checkpoint on T cells which leads 
to T cell inactivation on ligand binding.79 81–83 To reverse immu-
nosuppression, anti- PD- 1/PD- L1 and anti- CTLA- 4 monoclonal 
antibodies (mAbs) have been introduced. Promising results from 
landmark clinical trials84–86 have led to the United States Food 
and Drug Administration (FDA) approval of different ICIs for 
cancer treatment.

Nevertheless, the major challenges facing immunotherapy 
include the interpatient heterogeneity of ICI responses87–89 and 
the immune- related adverse events (irAEs), especially colitis 
in anti- CTLA- 4 mAbs and pneumonitis in anti- PD- 1/PD- L1 
mAbs.90–92 Given the intricate interplay between the gut micro-
biota and host immunity, growing evidence has illustrated the 
potential application of microbiota modulation in optimising 
immunotherapy responses (figure 2). Generally, commensal 
microbes interact with ICIs by altering pharmacodynamics, 
particularly immunomodulation, rather than pharmacokinetics.

Mechanistic overview
Gut bacteria and anti-CTLA-4 mAbs
Preclinical studies have illustrated the indispensable role of gut 
microbiota in immunotherapy efficacy93 94 (table 2). A pioneering 
study in 2015 demonstrated how gut bacteria influence the anti- 
CTLA- 4 mAbs effects in mice.93 Anti- CTLA- 4 mAbs induce B. 
fragilis, B. thetaiotaomicron and Burkholderia cepacia to grow 
in the intestinal mucosa. These bacteria, particularly B. fragilis, 
then produce polysaccharides to stimulate CD11b+ DCs in 
the lamina propria, improving IL- 12- dependent Th1 immune 
response in tumour- draining lymph nodes (figure 2A). Mean-
while, microbiota- depleted mice have impaired response to 
anti- CTLA- 4 mAbs, signifying the importance of microbiota in 
immunotherapy. Interestingly, recolonisation of B. fragilis and B. 
cepacia in bacteria- depleted mice not only rescues their immuno-
therapeutic resistance but also reduces the histopathological signs 
of colitis.93 95 Bifidobacterium administration also minimises 
anti- CTLA- 4 mAbs- induced irAEs without compromising its 
efficacy. Mechanistically, Bifidobacterium enhances the suppres-
sive functions of intestinal Treg through IL- 10 mediation.96 97 
B. bifidum cell surface β-glucan/galactan polysaccharides also 
induce Treg by generating regulatory DCs to ameliorate colitis.98

Beyond direct interaction with immune cells, indirect immu-
nomodulation via microbes- derived metabolites is also possible 
(figure 2C). As anti- CTLA- 4 mAbs impair intestinal barrier, 
metabolite inosine derived from Bifidobacterium pseudolongum 
and Akkermansia muciniphila could enter the systemic circula-
tion. Inosine then activates Th1 cells via adenosine 2A receptor 
costimulated by DCs to enhance tumour shrinkage in the pres-
ence of ICIs.99 The anticancer effect of inosine may also be 
attributed to its role as an alternative fuel to glucose for effector 
T cells within the tumour microenvironment (TME).100

Gut bacteria and anti-PD-1/PD-L1 mAbs
Another pivotal study in 2015 showed that gut bacteria could 
modulate the efficacy of anti- PD- 1/PD- L1 mAbs in mice.94 B. 
breve and B. longum activate DCs for CD8+ T cell priming and 
infiltration in TME, enhancing the immunotherapeutic effects.94 
Bifidobacterium also mediates innate immunity to poten-
tiate anti- PD- 1 mAbs efficacy in melanoma mouse models101 
(figure 2B). Mechanically, Bifidobacterium secretes metabolite 
hippurate and inhibits PD- 1 expression, which in turn acti-
vates natural killer (NK) cells to destroy tumours via perforin 
and IFN-γ mediation.101 As Bifidobacterium also mitigates irAEs 
induced by CTLA- 4 blockade,96 it is worth exploring whether 
Bifidobacterium could simultaneously enhance efficacy and 
reduce toxicity of combined PD- 1/PD- L1 and CTLA- 4 blockade.

Probiotic bacteria also modulate immunotherapeutic effects. 
L. rhamnosus GG (LGG), a well- studied and commonly used 
probiotics, could reduce CRC occurrence and impede tumour 
progression of hepatocellular carcinoma in mice.102 LGG also 
improves anti- PD- 1 mAbs effects in mice by increasing tumour- 
infiltrating DCs and T cells. Mechanistically, LGG promotes 
IFN-β production by activating STING (stimulator of IFN genes) 
and its secondary messenger cyclic GMP- AMP synthase (cGAS) 
to induce phosphorylation of interferon regulatory factor 7. The 
increased IFN-β production via this cGAS/STING- dependent 
axis eventually enhances cross- priming of anticancer CD8+ 
T cells.102 LGG intake also enriches tumour- suppressing B. 
uniformis and L. murinus in the intestine, of which B. uniformis 
is associated with the enrichment of IFN-γ+ CD8+ T cells in 
mesenteric lymph nodes,103 whereas L. murinus is correlated 
with DC activation in the gut.104

Antigen mimicry between commensal bacteria and tumour 
cells also confers beneficial responses to ICIs (figure 2C). Apart 
from activating DCs for T cell priming as aforementioned,94 
B. breve antigen SVY is homologous to mouse melanoma SIY 
neoantigen, thereby stimulating cross- reactive T cell response 
against melanoma cells.105 Meanwhile, E. hirae- infecting bacte-
riophage expresses tape measure protein (TMP), which stimu-
lates memory CD8+ T cell response to cross- react with cancer 
antigen proteasome subunit beta type- 4 protein. Administrating 
bacterial strains expressing TMP epitope could improve immu-
notherapy efficacy in mice.106 Notably, recent investigations have 
linked several autoimmune disorders to the molecular mimicry 
between microbes- derived antigens and self- antigens.107 108 
Considering the diversified proteome in the gut microbiota,109 110 
more microbial antigens with high homology to cancer antigens 
would likely be discovered.

Epithelial barrier also plays a role in the microbes- mediated 
immunomodulation (figure 2D). A study reported the enhanced 
anticancer immunity in Rnf5−/− mice with melanoma (RNF5 
is a membrane- bound E3 ubiquitin ligase implicated in protein 
degradation).111 Mechanistically, Rnf5−/− mice had reduced 
antimicrobial peptides and increased enterocyte apoptosis, 
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causing enrichment of Bacteroides and Parabacteroides, which 
together activated DCs to promote intratumoral infiltration of 
IFN-γ-producing T cells.111 These findings are indeed similar 
to the oxaliplatin- induced anticancer immune response.44 The 

antigenicity from oxaliplatin- induced apoptosis and immuno-
genic gut commensals not only mediate the anticancer immunity 
of oxaliplatin as aforementioned, but also provide synergistic 
therapeutic effects when combining oxaliplatin with anti- PD- 1 

Figure 2 Mechanisms of microbiota modulation on immunotherapy response. Microbes–immunotherapy interactions could be categorised by 
the ‘TIME’ mechanistic framework: T cell mediation, Innate immunity, Metabolites, molecular mimicry, and Epithelial injury. (A) Bacteria such as 
Bacteroides, Burkholderiales and Bifidobacterium could enhance anticancer T cell immunity mediated by DCs for immunotherapy potentiation. (B) 
NK cells and proinflammatory M1 macrophages are the main contributors of innate immunity against cancer. Bifidobacterium could activate NK cells 
to combat cancers, while intratumoral microbiota ablation in PDAC could reprogramme M2 macrophages to M1 macrophages and reduce myeloid- 
derived suppressor cells. Altogether they increase the sensitivity of tumours to immunotherapy. (C) Bifidobacterium pseudolongum and Akkermansia 
muciniphila could secrete metabolite inosine. Inosine activates Th1 cells via adenosine 2A receptor costimulated by DCs. Other bacteria could improve 
ICI anticancer response via molecular mimicry. Bifidobacterium breve and Enterococcus hirae- infecting bacteriophage have SVY and TMP antigens, 
respectively, which are highly similar to tumour neoantigens. This leads to cross- reactivity of cytotoxic T cells against tumour cells. (D) Epithelial injury 
and immunogenic bacteria stimulate DCs for anticancer immunity. Figure created with BioRender.com. DCs, dendritic cells; ICI, immune checkpoint 
inhibitor; IL, interleukin; MDSC, myeloid- derived suppressor cells; NK, natural killer; PD- 1, programmed cell death protein- 1; PDAC, pancreatic ductal 
adenocarcinoma; SVY, SVYRYYGL; TFH, follicular T helper; Th, T helper; TMP, tape measure protein.
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mAbs. Altogether, epithelial injury and immunogenic bacteria 
stimulate DCs for helper or cytotoxic T cell immune response 
against cancers.

The microbial interactions with ICIs are complicated. 
With reference to a previous review proposing the ‘TIMER’ 
(Translocation, Immunomodulation, Metabolism, Enzymatic 
degradation, and Reduced diversity and ecological variation) 
mechanistic framework describing the microbes–chemotherapy 
interactions,14 we categorise microbes–immunotherapy interac-
tions into a ‘TIME’ framework: T cell mediation, Innate immu-
nity, Metabolites and molecular mimicry, and Epithelial injury 
(figure 2). Given the complexity, a mechanistic framework can 

better illustrate the microbes–immunotherapy interactions, 
which lays the foundation for translating these basic findings to 
clinical application.

bench-to-bedside translation
Predictive biomarkers
Following the preclinical evidence,93 94 metagenomic studies 
on patients with melanoma and epithelial tumour in 2018 
confirmed the role of gut microbiota in anti- PD- 1/PD- L1 
mAbs responses112–114 (table 3). Faecalibacterium, B. longum, 
Collinsella aerofaciens, E. faecium, A. muciniphila and E. hirae 

Table 2 Mechanistic studies of modulation of immunotherapy effect by microbiota

Immunotherapy Involved microbes Mechanisms

Anti- CTLA- 4 mAbs Bacteroides fragilis, Bacteroides 
thetaiotaomicron and Burkholderia cepacia

Stimulation of CD11b+ DCs improved IL- 12–dependent Th1 immune response for enhanced antitumour 
immune response.93

Bifidobacterium Bifidobacterium enhanced the suppressive functions of Treg cells to minimise immunopathology induced by 
treatment.96 97

Bifidobacterium pseudolongum and 
Akkermansia muciniphila

Bacterial- derived inosine acted on adenosine 2A receptors to stimulate Th1 response in the presence of 
costimulations from DCs and enhanced tumour shrinkage.99

Anti- PD- 1/PD- L1 
mAbs

Bifidobacterium breve and Bifidobacterium 
longum

Bifidobacterium activated DCs for CD8+ T cell priming and infiltration in the tumour microenvironment to 
enhance anticancer immune response of treatment.94

Bifidobacterium could also secrete hippurate and reduce PD- 1 molecule expression to activate NK cells for 
anticancer effects.101

Lactobacillus rhamnosus GG LGG activated DCs via cGAS- STING- TBK1- IRF7- IFN-β cascade to enhance CD8+ T cell activity against tumour 
cells.102

Bifidobacterium breve Molecular mimicry between SVY antigen of B. breve and SIY neoantigen of mouse melanoma stimulated 
cross- reactive T cell response against melanoma cells.105

Bacteriophage- infecting Enterococcus hirae TMP of bacteriophage- infecting E. hirae stimulated memory CD8+ T cell cross- reaction with cancer antigen 
PSMB4 protein.106

cGAS, cyclic GMP- AMP synthase; CTLA- 4, cytotoxic T lymphocyte- associated antigen- 4; DCs, dendritic cells; IFN-β, interferon-β; IL, interleukin; IRF7, interferon regulatory factor 
7; LGG, Lactobacillus rhamnosus GG; mAbs, monoclonal antibodies; NK, natural killer; PD- 1, programmed cell death protein- 1; PD- L1, programmed death- ligand 1; PSMB4, 
proteasome subunit beta type- 4; SIY, SIYRYYGL; STING, stimulator of IFN genes; SVY, SVYRYYGL; TBK1, TANK binding kinase 1; Th, T helper; TMP, tape measure protein; Treg, T 
regulatory cells.

Table 3 Summary of gut microbes associated with immunotherapy response

Immunotherapy patient cohort Key findings

Anti- PD- 1/PD- L1 
mAbs

 ► 43 patients with metastatic 
melanoma.114

 ► R- enriched: Ruminococcaceae family and Faecalibacterium genus (Faecalibacterium prausnitzii).
 ► NR- enriched: Bacteroidales order (Bacteroides thetaiotaomicron).
 ► Elevated abundance of CD8+ T cells in TME.

 ► 42 patients with metastatic 
melanoma.113

 ► R- enriched: Bifidobacterium longum, Collinsella aerofaciens and Enterococcus faecium.
 ► NR- enriched: Ruminococcus obeum and Roseburia intestinalis.
 ► FMT from R to germ- free mice enhances anti- PD- L1 mAbs response with T cell enrichment.

 ► 249 patients (140 NSCLC, 
67 RCC and 42 urothelial 
carcinoma).112

 ► 338 patients with NSCLC.115

 ► R- enriched: Akkermansia muciniphila and Enterococcus hirae.112

 ► Associated with shorter PFS and OS: antibiotic use before or after first injection of ICIs.112

 ► Associated with longer OS and ORR: Akkermansia muciniphila (relative abundance <4.799%).115

 ► Akk+ enriched: Ruminococcaceae family, Lachnospiraceae family and others.115

Monotherapy 
or combined 
immunotherapy

 ► 27 patients with metastatic 
melanoma.116

 ► Higher microbial diversity was associated with longer PFS.
 ► Associated with longer PFS: Faecalibacterium prausnitzii, Coprococcus eutactus, Prevotella stercorea, Streptococcus 

sanguinis, Streptococcus anginosus and Lachnospiraceae bacterium 3 1 46FAA.
 ► Associated with shorter PFS: Bacteroides ovatus, Bacteroides dorei, Bacteroides massiliensis, Ruminococcus gnavus 

and Blautia producta.
 ► Risk- associated pathways: L- rhamnose degradation, guanosine nucleotide biosynthesis and B vitamin biosynthesis.

Anti- CTLA- 4 
mAbs±anti- PD- 1

 ► 39 patients with metastatic 
melanoma.117

 ► R- enriched (combined anti- CTLA- 4/anti- PD- 1): Faecalibacterium prausnitzii, Bacteroides thetaiotaomicron and 
Holdemania filiformis.

 ► R- enriched (anti- PD- 1): Dorea formicigenerans.

Anti- CTLA- 4  ► 26 patients with metastatic 
melanoma.118

 ► R- enriched: Faecalibacterium, Gemmiger and Clostridium XIVa.
 ► R- depleted: Bacteroides.

Akk+, patients with detectable faecal Akkermansia muciniphila; CTLA- 4, cytotoxic T lymphocyte- associated antigen- 4; FMT, faecal microbiota transplantation; ICIs, immune 
checkpoint inhibitors; mAbs, monoclonal antibodies; NR, non- responders; NSCLC, non- small cell lung carcinoma; ORR, objective response rate; OS, overall survival; PD- 1, 
programmed cell death protein- 1; PD- L1, programmed death- ligand 1; PFS, progression- free survival; PFS, progression- free survival; R, responders; RCC, renal cell carcinoma; TME, 
tumour microenvironment.
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were enriched in responders of anti- PD- 1 mAbs, while Bacte-
roides, Ruminococcus obeum and Roseburia intestinalis were 
enriched in non- responders. Consistently, all three studies 
demonstrated that faecal microbiota transplantation (FMT) from 
responders to germ- free mice could potentiate the anti- PD- 1 
mAbs efficacy. However, the microbes identified from these 
studies are diverse and have little overlap with one another.112–114 
In 2022, a follow- up study was performed to validate the predic-
tive value of A. muciniphila in a prospective multicentric cohort 
of patients with non- small cell lung carcinoma (NSCLC).115 An 
interesting distribution was observed: ‘normal’ abundance of A. 
muciniphila (relative abundance <4.799%) is associated with 
longer OS, while both the absence and overabundance of A. 
muciniphila (relative abundance >4.799%) are associated with 
shorter OS.115 The predictive value of this trichotomic stratifica-
tion is even more accurate than tumour PD- L1 expression, a clin-
ically used predictive biomarker for ICI response in NSCLC.115 
Compared with tumour cells in patients with undetectable faecal 
A. muciniphila, tumour cells in patients with detectable faecal A. 
muciniphila have higher gene expression related to T cell acti-
vation and IFN fingerprint, which are related to improved anti- 
PD- 1 mAb response.115 These findings are in line with previous 
mechanistic studies, suggesting that A. muciniphila promotes 
intratumoral infiltration of Th1 cells.112

Studies on combined anti- PD- 1/anti- CTLA- 4 immunotherapy 
in patients with melanoma were also conducted116–118 (table 3). 
Faecalibacterium prausnitzii, Holdemania filiformis and B. 
thetaiotaomicron were enriched in responders, while Bacteroides 
species were enriched in non- responders.116 117 Transcriptomic 
analysis further showed that sugar degradation pathway, vitamin 
B biosynthesis pathways and guanosine nucleotide biosynthesis 
pathways are linked to shorter PFS.116 While Gopalakrishnan 
et al114 found that amino acid biosynthesis is enriched in 
responders, Peters et al specifically identified that L- isoleucine 
biosynthesis is linked to longer PFS,116 which may be related to 
its immunomodulatory effects.119

Currently, consensus in the bacterial species associated with 
immunotherapeutic responses is lacking even in the same 
cancer type (eg, metastatic melanoma). Possible reasons include 
the differences in sample collection, sequencing technology 
and bioinformatics pipelines among studies.120 121 A meta- 
analysis integrated and reanalysed the data from three previous 
studies,112–114 concluding that analytical pipelines are not the 
cause of the interstudy variation.122 Interestingly, there are more 
overlaps in the microbial gene content rather than the microbiota 
composition across studies, implying that the signature microbes 
identified in different studies could be functionally related. 
Particularly, microbial gene contents provided a higher predictive 
value than the microbiota composition for assessing treatment 
response, with an area under curve >0.7, showing the potential 
of using microbial gene signatures as predictive biomarkers.122 
A recent prospective multicentric study validated the positive 
association of A. muciniphila with improved ICI effects.115 
This study demonstrated that faecal samples with detectable A. 
muciniphila are enriched with immunogenic bacteria identified 
across numerous studies,112 114 116–118 123 including Ruminococ-
caceae,114 Lachnospiraceae family116 and B. intestinihominis.123 
To date, different studies have identified a variety of microbial 
species that are associated with ICI response. However, their 
interactions with one another and which microbes have a more 
dominant role in ICIs remain unknown. This study therefore 
provides initial insights that A. muciniphila could be the master 
regulator of immunogenic bacteria to contribute to the improve-
ment in ICI response.115

Altogether, these studies have illustrated that microbial 
biomarkers may predict cancer treatment outcomes. Some of the 
bacteria identified from human studies, including A. muciniphila,112 
B. intestinihominis123 and B. thetaiotaomicron,117 were also mecha-
nistically shown to improve therapeutic response through immuno-
modulation,40 93 99 further confirming their translational potential. 
However, a major challenge is the lack of consensus on the signa-
ture species across studies, making it difficult to establish a well- 
acknowledged consortium of microbial biomarkers. To reduce 
interstudy disparity, the methods of sample collection, sequencing 
and bioinformatics analysis should be standardised.124 Large cohort 
studies with multiomics approaches could provide more insights on 
the correlation between gut microbiota and ICI response. More-
over, further functional investigations and clinical trials are required 
to explore the translational potential of these observations.

Gut microbiota modulation
Prophylactic antibiotics are commonly used with immunotherapy 
to prevent life- threatening infections. However, clinical studies 
observed diminished response to immunotherapy in antibiotics- 
treated patients,125–127 in line with evidence from preclinical animal 
studies.93 94 Both retrospective125 127 and prospective126 studies 
showed that antibiotic use is associated with lower PFS, OS and 
response rate. The timing of antibiotic use is also important. A 
meta- analysis reported that patients without antibiotic use 42 days 
before ICI initiation have 3.43 times longer OS, while no significant 
difference in OS was observed between patients with and without 
antibiotic use 60 days before ICI.128 These findings are consistent 
with a study of healthy individuals treated with an antibiotic cock-
tail (meropenem, gentamicin and vancomycin) for 4 days, of which 
their microbiota composition recovered to near- baseline within 42 
days.129 Apart from epidemiological observations, recent studies 
showed that patients with antibiotic use have enriched microbial 
features associated with poor survival, such as low diversity and 
enrichment of C. hathewayi.130 131 Antibiotic use should therefore 
be avoided before ICIs. Alternatively, FMT or probiotics may be 
plausible option to reverse antibiotics- induced dysbiosis before 
ICIs. Notably, PDAC could be an exception as preclinical studies 
have shown that intratumoral bacterial ablation using antibiotics in 
PDAC improves immunotherapeutic efficacy (figure 2B).132 Hence, 
the effects of antibiotics or microbiota on cancer therapy should be 
carefully studied in distinct cancer types.

Modulating immunotherapy response using probiotics is another 
plausible method. Many microbes associated with improved immu-
notherapy response, including B. longum and LGG, are indeed 
commercially available probiotics.94 102 Preclinical studies showed 
that probiotics could enhance anticancer immunity by reducing 
Treg level133 and enhancing CD8+ T cell activation, CD4+ T cell 
differentiation and intratumoral infiltration of NK cells.134 A proof- 
of- concept study by Tanoue et al103 reported that a defined consor-
tium of 11 bacterial strains (7 Bacteroidales and 4 non- Bacteroidales 
species) could enhance ICI efficacy in mice with syngeneic tumours 
via CD103+ DC- mediated induction of IFN-γ-producing CD8+ 
T cells. This highlights the feasibility of probiotics as adjuvants to 
improve immunotherapy outcomes. Clinical trials demonstrated 
that probiotics B. lactis Bl- 04 and L. acidophilus NCFM could 
increase the abundance of butyrate- producing species, particu-
larly Faecalibacterium and Clostridiales, in the gut of patients with 
CRC.135 These species were associated with improved immuno-
therapy response in human patients.114 116–118 However, current 
clinical investigations only demonstrate the impact of probiotics 
on gut microbiota but not their direct causative effects on immu-
notherapeutic outcomes. A recent clinical study even showed that 
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probiotics use is correlated with lower microbial diversity, a common 
feature in non- responders of immunotherapy.136 Such finding has 
been recapitulated in a preclinical mechanistic study showing that 
mice treated with either probiotic B. longum or LGG have worse 
response to anti- PD- L1 mAbs, with reduced level of intratumoral 
IFN-γ+ CD8+ T cells.137 These latest results therefore present an 
opposite picture compared with previous studies. Over- the- counter 
probiotics should therefore be discouraged in patients receiving 
immunotherapy as current understandings are still limited.

Prebiotics and dietary modulation are alternatives to augment 
ICI responses. Common prebiotics such as inulin and galacto- 
oligosaccharide could raise the abundance of Bifidobacterium, 
Lactobacillus and Faecalibacterium species in human gut,138 139 
which are immunogenic bacteria associated with improved anti-
cancer immunity.93 94 103 However, studies demonstrating the direct 
effects of prebiotics on ICIs are lacking, which warrant further 
investigations. On the other hand, dietary modulation was shown 
to be effective in augmenting therapeutic effects. High- fibre diet 
in patients with metastatic NSCLC receiving ICIs is associated 
with enrichment of Bifidobacterium species and better clinical 
outcomes.140 Patients with melanoma with high- fibre intake also 
had improved ICI response.137 This is supported by a parallel mech-
anistic study demonstrating the increased level of tumour- infiltrating 
lymphocytes in ICI- treated mice fed with high- fibre diet, of which 
the enrichment of fibre- fermenting Ruminococcaceae family after 
fibre supplementation could promote T cell activation and intra-
tumoral infiltration.137 Another example is that the ketone body 
3- hydroxybutyrate produced by ketone diet could enhance ICI effi-
cacy in mice. 3- Hydroxybutyrate increases the expansion of ICI- 
induced CD8+ T cells and restrains PD- L1 expression to maintain 
T cell activation for anticancer effects.141 Ketone diet could enrich 
Eisenbergiella massiliensis in human gut, which is strongly correlated 
with serum 3- hydroxybutyrate concentration.141 However, the gut 
microbiota responds rapidly to dietary changes, implicating the 
short- lived effects of dietary modulation.75 Maintaining a new diet 
is notoriously difficult; hence, how to retain and prolong dietary 
effects to improve ICI response requires further investigations.

FMT is another clinical approach of microbiota modulation 
which has received FDA approval for treating recurrent C. 

difficile infection.142 FMT is the transfer of entire faecal microbial 
community, including bacteria, viruses, fungi and their metabolites, 
from a healthy donor into the recipient.142 Wang et al143 reported 
the first case of treating immunotherapy- induced colitis using FMT. 
Normally, ICI- induced colitis is treated with immunosuppressive 
agents including corticosteroids, which nonetheless have consider-
able side effects. In this study, the two patients with ICI- induced 
colitis were refractory to conventional therapy but showed signifi-
cant improvement after FMT with enrichment of beneficial Bifido-
bacterium species. Nevertheless, future clinical trials are required to 
validate the translational potential of FMT in immunotherapy due 
to the pioneering nature of this initial study.

Meanwhile, two recent proof- of- concept clinical trials demon-
strated the safety and efficacy of FMT in boosting anti- PD- 1 mAbs 
response in patients with refractory melanoma.144 145 Baruch et 
al144 recruited 12 patients with melanoma composing of 10 non- 
responders and 2 responders to ICIs. The 10 non- responders were 
treated with antibiotics for microbiota depletion, followed by FMT 
with stools from the 2 responders and reintroduction of anti- PD- 1 
mAbs. Two patients showed partial response while one showed 
complete response, suggesting a true de novo immunotherapeutic 
response. Similarly, Davar et al145 treated 15 patients with ICI- 
refractory melanoma with FMT (stools from responders) and anti- 
PD- 1 mAbs. Three patients showed objective response, while another 
three patients showed stable disease. Both studies have demonstrated 
the causative effects of FMT on immunotherapy response, impli-
cating the clinical safety and feasibility of FMT in cancer treatment. 
Unlike other modulation methods, the effects of FMT on gut micro-
biota could persist for more than 24 weeks with less requirement for 
frequent interventions.142 Indeed, in the study by Davar et al FMT 
was performed only once each patient.145 Additionally, future studies 
should consider using ICI biomarkers including PD- L1 expression 
and tumour mutation burden to assess whether a pre- existing adap-
tive immunity is essential for effective FMT.146

FuTuRe peRspeCTIves And ConClusIon
Therapeutic resistance and toxicity are major stumbling blocks 
in cancer therapy. Tremendous efforts have been put to predict 

Table 4 Current challenges and future directions of microbiota application in clinical settings

Aspects Challenges Future directions/potential solutions

Discovery of biomarkers

Developing 
predictive 
biomarkers for 
treatment response

 ► Suboptimal sensitivity and specificity.  ► Combination of microbial features with other potential biomarkers such as tumour 
mutational loads.147

 ► Lack of consensus on the microbial features as 
predictive biomarkers.

 ► Standardisation of sample collection, processing and bioinformatics pipelines.
 ► Large clinical cohorts with different ethnicity.

Modulation of microbiota to optimise cancer treatment outcomes

Antibiotic use and 
cancer therapy

 ► Concurrent use of prophylactic antibiotics and cancer 
therapy may lead to poor treatment outcomes.

 ► Use of autologous FMT may restore the dysbiosis induced by antibiotics.155

 ► Targeting cancer- promoting microbes with antibiotics is 
non- specific.

 ► Use of narrow- spectrum antibiotics.
 ► Development of highly specific approach such as use of phage and engineered 

microbes.152–154

Probiotics use and 
cancer therapy

 ► Lack of efficacy of using probiotics to reduce cancer 
treatment side effects.

 ► Consider probiotics as an adjuvant therapy to more efficacious treatments.
 ► Further investigations in multicentre, large- scale, phase III clinical trials with longer 

duration to confirm the effects of probiotics.

 ► Potential risks of infection with probiotics use.  ► Avoid the use of probiotics in immunocompromised or critically ill patients.

FMT and cancer 
therapy

 ► Potential risk of transferring pathogens from donors to 
recipients.

 ► Use of capsules consisting of purified bacterial spores may be safer and have higher 
consistency than FMT.156

 ► Rigorous and comprehensive donor screening.
 ► Characterise the baseline microbiota composition that is more likely to respond to FMT.

FMT, faecal microbiota transplantation.
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treatment outcomes and optimise treatment response.147 Gut 
microbes are undeniably potential candidates for being predictive 
biomarkers and treatment targets. Despite the current exciting 
results, the future is not without challenges (table 4). These include 
inadequate mechanistic understanding of microbiota modulation 
on therapeutic response, undetermined microbial signatures as 
biomarkers and the lack of consensus on the optimal microbiota 
modulation method. Moreover, current studies focus mainly on 
bacteria, but commensal viruses, fungi and archaea also have unne-
glectable role in cancers.148–150 Of note, FMT transfers not only 
bacteria but also other non- bacterial microbes, yet their effects on 
recipients are unclear, which raises potential safety concerns.

Concerted efforts are required to overcome challenges lying 
ahead. First, more functional investigations and prospective 
longitudinal human studies are needed to dissect the biological 
complexity of host–microbes–drug interactions. Rigorous iden-
tification of the key microbes affecting treatment outcome is the 
prerequisite for clinical translation. Future studies should go 
beyond bacteria. A recent study demonstrated that depleting gut 
bacteria could lead to commensal fungi overgrowth, reducing the 
radiotherapy- induced anticancer immunity. Interestingly, depleting 
commensal fungi could enhance radiotherapy efficacy, suggesting 
the antagonistic roles of gut bacteria and fungi in anticancer immu-
nity. Interkingdom interactions of microbiota in cancer therapy 
are therefore an important future direction.15 Second, metage-
nomic studies should be standardised and integrated with other 
‘omics’, including transcriptomics and metabolomics. Technolog-
ical advancements such as capsule endoscopy also enable analysis 
of microbiota along different regions of the gut.151 Together, these 
would provide insights on the mechanistic basis of host–microbes–
drug interactions. Finally, the best approach of microbiota modu-
lation for augmenting treatment outcomes should be determined. 
Future clinical trials should assess the efficacy, durability and safety 
of different methods including probiotics, prebiotics, antibiotics 
and FMT. Other innovative methods are recently reported, such 
as using bacteriophages to target specific microbes152 or engineered 
microbes for drug delivery and tumour lysis.153 154 Yet again exten-
sive work is required before clinical translation. It is expected that 
many more mysteries of human microbiota will be unravelled with 
the efforts from scientists and clinicians, which will pave the way to 
next- generation personalised medicine.
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Editor’s quiz: GI snapshot

Unusual stomach and 
duodenum mucosal changes in 
a kidney transplant patient after 
long- term peritoneal dialysis
See page 1276 for question

AnsweR
Histological evaluation demonstrated basophilic amorphous 
deposits predominantly in the superficial lamina propria of the 
gastric mucosa. Ill- defined, clumpy nodules consisting of homoge-
neous, fine calcified granules were noted. Positive results on von 
Kossa staining confirmed that these were calcium deposits (figure 2). 
The same microscopic findings were identified in the duodenal 
bulb. Therefore, histopathological findings were consistent with the 
diagnosis of metastatic gastric and duodenal mucosal calcinosis.

Metastatic calcinosis is defined by calcium deposits on the mucosa 
of the GI tract due to elevated serum calcium levels.1 The most 
common cause is the alteration in serum calcium and phosphate 
levels due to renal disease.2 It is unclear how long electrolyte imbal-
ance must be maintained to cause mucosal calcinosis. However, this 
patient exhibited persistent hypercalcaemia and hypophosphataemia 

for about a year after KT (before KT: total calcium, 9.3 mg/dL 
(corrected calcium, 9.6 mg/dL); phosphate, 4.8 mg/dL and para-
thyroid hormone, 203 pg/mL (normal range, 15–65 pg/mL)). There 
was no confirmed evidence of tertiary hyperparathyroidism at the 
pre- transplantation.

This alteration in serum electrolytes caused gastric and duodenal 
calcinosis, and the clinical prognosis of GI calcinosis was not clear. 
This is potentially fatal when the heart and lungs are involved.3 Thus, 
the endoscopists should consider the active evaluation if GI calci-
nosis is suspected in patients with long- term electrolyte imbalance.
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