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Summary

Over the last decade, mounting evidence has revealed the key roles of gut microbiota in modulating the efficacy and
toxicity of anticancer drugs, via mechanisms such as immunomodulation and microbial enzymatic degradation. As
such, human microbiota presents as an exciting prospect for developing biomarkers for predicting treatment out-
comes and interventional approaches for improving therapeutic effects. In this review, we analyze the current knowl-
edge of the interplays among gut microorganisms, host responses and anticancer therapies (including cytotoxic
chemotherapy and targeted therapy), with an emphasis on the immunomodulation function of microbiota which
facilitates the efficacy of immune checkpoint inhibitors. Moreover, we propose several microbiota-modulating strate-
gies including fecal microbiota transplantation and probiotics, which can be pursued to optimize the use and devel-
opment of anticancer treatments. We anticipate that future clinical and preclinical studies will highlight the
significance of human microbiome as a promising target towards precision medicine in cancer therapies.
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colorectal cancer, defined as those with poor prognostic
features, adjuvant systemic chemotherapy provides an
overall survival benefit. First-line regimens are typically
based on various combinations of cytotoxic drugs oxali-
platin, s-fluorouracil (5-FU), capecitabine, and leuco-
vorin.> However, prolonged administration, lack of
specificity and disparate cytotoxic adverse effects are
major limitations in their clinical applications.’ Between
2004 and 20006, three novel monoclonal antibodies
(bevacizumab, cetuximab, and panitumumab) as tar-
geted therapies came into use for treating metastatic
colorectal cancer, whereas they are only indicated to cer-

Introduction

Cancer is a major public health burden and a leading
cause of human death worldwide." Globally, more than
19.3 million cancer cases are newly diagnosed per
annum and over 9.9 million individuals die as a conse-
quence.’ Remarkable advances have been made in tack-
ling cancer in recent years, including early detection,
diagnosis, and cancer treatment. A stepwise increase in
numbers of anticancer drug approval was recorded
from the year 2009 (8 approvals) to the year 2020 (57
approvals).” These newly approved drugs have largely
enriched the therapeutic options, and enhanced the sur-

vival and quality of life of cancer patients.

Clinical use of anticancer drugs varies based on
tumor location, age, disease stage, metastatic state,
genetic heterogeneity, etc.’ Taking colorectal cancer as
an example, in patients with high-risk stage II and III
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tain genetic types, and mainly used in combinations
with cytotoxic chemotherapies.* Since 201y, three
immune checkpoint inhibitor (ICI) drugs (e.g., pembro-
lizumab, nivolumab, and ipilimumab) have been clini-
cally utilized for treating specific colorectal cancer
subtypes, namely mismatch-repair-deficient (dAMMR)
microsatellite instability-high (MSI-H) subtypes.” How-
ever, this type only comprises approximately 15% of all
colorectal cancer patients, demonstrating that the
majority of the patients cannot benefit from ICI
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therapies.’ For the reasons above, our current armory of
effective medications against cancer cells is still limited,
therefore, both new agents and predictive biomarkers
for selecting beneficial therapies are urgently needed.

The human colorectums are exposed to and con-
stantly interact with over 3.8 x 10" microorganisms,
which are vital for gastrointestinal (GI), systemic physi-
ology and pathophysiology, including tumorigenesis.°
Human gut microbes may promote, mitigate or have no
direct effect on carcinogenesis. Microbes such as Helico-
bacter pylori, Fusobacterium nucleatum, enterotoxigenic
Bacteroides fragilis, and Peptostreptococcus anaerobius
have been reported to amplify cancer development and
progression via toxins and activation of procarcinogenic
signaling pathways.” On the other hand, Streptococcus
thermophilus, Lactobacillus gallinarum, and Lactobacillus
reuteri exert suppressing function in carcinogenesis by
producing anticancer metabolites.®  Furthermore,
mounting evidence suggests that the gut microbiota
modulates drug response (including efficacy and toxic-
ity) and prognosis, via mechanisms including immuno-
modulation, microbial enzymatic degradation, and
metabolism of drugs® (Figure 1). A new discipline, phar-
macomicrobiomics, has emerged to exploit the impact
of microbiome compositional and functional variations
on drug efficacy, toxicity and pharmacokinetics. As a
promising target for precision medicine in cancer thera-
pies, human microorganisms may be utilized to 1) pre-
dict treatment response, and 2) improve efficacy and
reduce toxicity of anticancer drugs.

Here, we summarize the recent advance of pharma-
comicrobiomics of anticancer drugs, with a focus on the

impact of gut microbiota on modulating efficacy and
toxicity of ICI drugs, and potential applications for
improving current therapies by modulating gut micro-
biota.

Current knowledge on interplays between
microbiota and anticancer drugs

Oxaliplatin

Oxaliplatin is the latest platinum-based chemotherapeu-
tic agent and recommended as the first-line regimen for
the treatment of advanced cancer of the colon and rec-
tum." Oxaliplatin exerts its anticancer effect mainly via
forming platinum-DNA abducts to elicit cell death and
inhibit DNA replication.”” Moreover, oxaliplatin induces
immunogenic cell death by stimulating immune cells
such as CD8" T cells.”

Both efficacy and toxicity of oxaliplatin are affected
by the gut microbiota. A recent study on antibiotic-
treated mice model suggested that gut microbial metab-
olites, especially butyrate, improved the chemothera-
peutic efficacy of oxaliplatin by regulating CD8" T cell
function, which plays a central role in tumor immu-
nity.”® In addition, cancer patients who responded to
oxaliplatin exhibited a higher abundance of serum buty-
rate compared to non-responding patients.” Further,
the ileal microbiota (e.g., B. fragilis) was found to poten-
tially boost local immune responses (e.g., increase of
immune gene transcripts and CD45" lymphoid cell
infiltration) and enhance the antitumor efficacy of oxali-
platin-based chemotherapy.™
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Figure 1. Effects of microbiota on the efficacy and toxicity of anticancer drugs. Bacterial names are color-coded by their association
with drug outcomes (green: increased drug efficacy; red: decreased drug efficacy or increased toxicity). A. muciniphila, Akkermansia
muciniphila; B. adolescentis, Bifidobacterium adolescent; B. fragilis, Bacteroides fragilis; B. longum, Bifidobacterium longum; B. thetaiotao-
micron, Bacteroides thetaiotaomicron; E. faecium, Enterococcus faecium; E. hirae, Enterococcus hirae; B. obeum, Blautia obeum; F. nucle-
atum, Fusobacterium nucleatum; EGFR, epidermal growth factor receptor.
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Moreover, oxaliplatin could induce extensive adverse
events, including peripheral neurotoxicity which affects
up to 9o% of patients undergoing chemotherapy, and
could potentially lead to the discontinuation of treat-
ment.” Shen et al.” demonstrated that oxaliplatin-
induced hyperalgesia was alleviated in GF mice and
antibiotics-treated mice, compared to the control group.
Further FMT to GF mice restored the oxaliplatin-
induced hyperalgesia, demonstrating the role of gut
microbiota in the development of oxaliplatin-induced
neurotoxicity. However, the mechanism that links gut
microbiota to oxaliplatin-induced hyperalgesia is
unclear. Moreover, most of the experiments in above-
mentioned studies were conducted in mice, which may
vary from the situation in the clinic. Therefore, clinical
evaluations through a relatively large sample size of
patient cohort are necessary for the validation of the
above findings from studies in mice.

5-Fluorouracil (5-FU)
5-FU, a fluorinated analog of uracil, is one of the most
widely employed antimetabolite chemotherapeutic
agents for the treatment of a variety of cancers, includ-
ing breast cancer, colorectal cancer and gastric cancer,
etc. The major mode of action of 5-FU and its active
derivatives (e.g., fluoro-deoxyuridine-monophosphate
and fluoro-deoxyuridine-triphosphate) is via the inhibi-
tion of thymidylate synthase, leading to formation of
DNA breaks, disruption of DNA replication and subse-
quent cell death.”® Other possible mechanisms include
incorporation into RNA by replacing uracil and disrup-
tion of RNA synthesis."”

5-FU treatment results in a significantly altered gut
microbiota, which may be responsible for the side effects
including intestinal mucositis."® In mouse model upon 5-
FU treatment, increases of the abundance of Lachnospira-
ceae, Bacteroides, Blautia and Mucispirillum species, and
decreases of Coriobacteria and Deltaproteobacteria were
observed.™ In addition, oral mucositis induced by 5-FU
treatment is associated with bacterial dysbiotic shifts,
including enrichment of Fusobacterium nucleatum and Pre-
votella oris, and depletion of commensals from the genera
Streptococcus, Actinomyces and Veillonella.”®

Chemoresistance is a major challenge that limits the
clinical utility of 5-FU."” High abundance of F. nuclea-
tum is associated with 5-FU resistance in colorectal can-
cer patients.”"** Zhang et al.*' demonstrated that in
colorectal cancer patients who received 5-FU-based adju-
vant chemotherapy after radical surgery, high abun-
dance of F. nucleatum correlated with poor recurrence-
free survival (RFS), and so did high levels of TLR4 and
BIRC3 proteins. The possible mechanisms encompass
the upregulation of BIRC3 expression induced by F.
nucleatum.”>' Furthermore, Yu et al.>® showed that F.
nucleatum leads to chemoresistance to 5-FU by orches-
trating TLR4-MYD88 innate immune signaling
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pathway, specific miRNAs (genomic loss of miR-18a*
and miR-4802) and autophagy elements (ULK1/ATGy
autophagy network).

The composition of microbiota also modulates the
drug efficacy of 5-FU. Yuan et al.” reported that admin-
istration of antibiotics in mouse model attenuated the
antitumor efficacy of 5-FU, whereas supplementing pro-
biotics that contains Bifidobacterium and Lactobacillus
strains could not improve the efficacy. Moreover, Gar-
cia-Gonzalez et al.** reported that Escherichia coli OP50
or Comamonas can modulate 5-FU efficacy in Caeno-
rhabditis elegans via bacterial nucleotide metabolism.

Capecitabine

Capecitabine is an orally delivered prodrug of 5-fluoro-
uracil, and commonly applied in combination with plat-
inum-based chemotherapy to treat advanced metastatic
breast cancer and colorectal cancer.?” Capecitabine is
converted to its cytotoxic form 5-FU by thymidine phos-
phorylase (mainly in tumor cells and liver), which fur-
ther exerts antitumor effects as 5-FU.**

Microbiota composition and function are reported to
be associated with capecitabine activity, metabolism and
chemotoxicity.>* Javdan et al.** developed a powerful
Microbiome-Derived Metabolism (MDM) screening
approach and unveiled the role of microbiome-derived
enzyme uridine phosphorylase in the deglycosylation of
capecitabine, which decreased the chemotherapeutic
efficacy. The same group also demonstrated the effect
of microbiota on the efficacy of antidiabetic drug acar-
bose via microbial enzymatic degradation, highlighting
this important mechanism by which bacteria influence
drug outcome. Furthermore, a clinical analysis*® indi-
cated that in 15 patients with breast cancer treated with
capecitabine as maintenance chemotherapy, the abun-
dance of specific bacterial species (e.g., Slackia and Blau-
tia obeum) is associated with progression-free survival,
and may be employed as microbial markers for predict-
ing capecitabine resistance and prognosis. As a drug for
oral administration, capecitabine may experience
unveiled interactions with gut microbiota during its
absorption and metabolism, and therefore it is impor-
tant to further investigate the pharmacomicrobiomics
of capecitabine for its optimal use.

Irinotecan

Irinotecan is frequently used in the first-line treatment
FOLFIRI regimen in combination with 5-FU and folinic
acid for treating colorectal cancer.*” As a semisynthetic
water-soluble analogue of camptothecin (CPT), it is also
known as CPT-11. Irinotecan and its active metabolite
(SN-38) inhibits DNA topoisomerase I by forming com-
plex with DNA, and subsequently prevents re-ligation of
DNA strands, resulting in DNA breakage, cell cycle
arrest and apoptosis.”” Nevertheless, irinotecan causes
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severe acute or delayed diarrhea in up to 88% of
patients, which often leads to dose reduction and even
termination of the treatment.”**

The efficacy and side effects of irinotecan is also
swayed by gut microbiota via microbial enzymatic degra-
dation: the gastrointestinal tract (GI) toxicity of irinotecan
is mediated by gut bacterial S-glucuronidase (GUS). GUS
cleaves the glucuronide from the inactive metabolite of iri-
notecan (SN-38G), and releases active metabolite (SN-38)
in GI tract, which inflicts epithelial damage and diar-
thea.*® Microbial GUS can be found in almost all major
phyla in gut microbiota: Bacteroidetes, Firmicutes, Verru-
comicrobia, and Proteobacteria,”® and multiple studies
demonstrated that the combination of irinotecan and
GUS inhibitors (e.g., ciprofloxacin, amoxapine and
UNCr0201652) was able to alleviate irinotecan-induced
GI tract damage and the resultant diarrhea in animal mod-
els.>°73* Furthermore, two different studies using rat
models suggested that irinotecan increased the abundance
of Fusobacteria and Proteobacteria, and the abundance of
Clostridium Cluster XI and Enterobacteriaceae.”*>* The
altered microbiota itself may also contribute to diarrhea
and intestinal inflammation during irinotecan treatment.

Gemcitabine
As a cytidine analogue, gemcitabine (2’,2’-difluoro-2’-
deoxycytidine) is one of the first-line treatments for pan-
creatic ductal adenocarcinoma (PDAC) and many other
solid tumors.*> The antitumor mechanisms of gemcita-
bine involve killing cells with active DNA synthesis dur-
ing S phase and suppressing cell cycle progression from
Gi to S phase.®

Geller et al’® demonstrated that gemcitabine can be
metabolized into its inactive form (2’,2’-difluorodeoxycyti-
dine) by certain bacterial enzymes, resulting in the devel-
opment of drug resistance. In colon carcinoma models,
Mycoplasma hyorhinis and other bacterial species (mainly
in Gamma-proteobacteria class) resulted in resistance to
gemcitabine, whereas administration of antibiotics abol-
ished this effect. Following experiment elucidated that
gemcitabine was metabolized by an isoform of bacterial
cytidine deaminase (CDDy), which was mostly expressed
in Gamma-proteobacteria. Further, bacterial DNA was
detected in 86 out of 113 human PDAC samples (76%),
and bacteria cultured from the fresh human PDAC
tumors did induce resistance to gemcitabine of human
carcinoma cell lines, confirming the presence of intratu-
mor bacteria and their roles in gemcitabine chemoresist-
ance. Similar gemcitabine-metabolizing enzymes were
also found in mycoplasma by Voorde et al.>

Epidermal growth factor receptor (EGFR) inhibitor and
vascular endothelial growth factor (VEGF) inhibitor

In addition to the traditional chemotherapies, several
targeted therapies have become available for treating

cancers, including epidermal growth factor receptor
(EGFR) inhibitors (e.g., cetuximab or panitumumab)
and vascular endothelial growth factor (VEGF) inhibi-
tors (e.g., bevacizumab) for specific types of cancers.

Cetuximab and panitumumab are antibodies that
induce EGFR internalization and degradation, which
are frequently used for the treatment of non-small cell
lung and colorectal cancers.>® However, the skin toxic-
ities (e.g., papulopustular skin rash, pruritus and inflam-
mation) induced by EGFR inhibitors may be aggravated
by commensal skin microbiota.® The skin barrier
breakdown caused by anti-EGFR therapy may be per-
missive for microbiota outgrowth, which exacerbates
immune responses (e.g., TNF-o, TH2 cytokines IL-4
and I1L-33) and cause inflammation in skin.*®

Bevacizumab is a monoclonal antibody acting on the
tumor microenvironment, that inhibits VEGF, induces
regression of newly formed vessels, and subsequently
suppresses angiogenesis and tumor growth.** More-
over, bevacizumab can facilitate chemotherapeutic
effects by affecting the tumor vasculature, therefore it is
mainly used in combination with chemotherapy, across
a wide range of solid tumor types, including colorectal
cancer, cervical cancer and glioblastoma.’® Up to date,
the influence of microbiota on the efficacy of bevacizu-
mab has not yet been evaluated, whereas it would be
very fascinating to look at the interplay among micro-
biota, targeted drugs and vasculature in the tumor
microenvironment.

CTLA-4 inhibitor

Immune checkpoint inhibitors (ICIs) have revolu-
tionized the strategy of treating advanced-stage can-
cers, and significantly extended the survival of
patients with multiple malignancies, including mela-
noma, lung cancer, renal cell carcinoma, and gastric
cancer.*® Immune checkpoints include cytotoxic T
lymphocyte antigen-4 (CTLA-4), programmed cell
death protein-1 (PD-1) and its ligand PD-Li, which
have suppressive functions against activation of anti-
tumor T cells. Monoclonal antibodies that inhibit
these immune checkpoints can dampen the negative
regulation of immune cells and re-activate immune
cells (particularly CD8" cytotoxic T cells) to eliminate
tumor cells.#4*

ICIs have become the standard of care for certain
types of cancer patients. Taking colorectal cancer for
example, patients with mismatch-repair-deficient
(dMMR) microsatellite instability-high (MSI-H) colorec-
tal cancer subtypes exerted response rates of 31-55% to
ICI therapies.** However, patients with mismatch-
repair-proficient (pMMR) microsatellite stability (MSS)
subtypes, which are the vast majority of colorectal can-
cer (~85%) is largely unresponsive to current ICIs.’
There is therefore an urgent need to maximize the
response rate of colorectal cancer patients to ICls.
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Since 2015, an increasing number of research has
demonstrated that the composition of gut microbiota
influences the clinical benefit of ICIs in patients with
advanced cancers® ™% (Figure 1), suggesting the poten-
tial approach to predicting and improving the efficacy of
ICIs by modulating gut microbiome.

CTLA-4 blockade ipilimumab is the first ICI drug
targeting T cells to act against cancer, and has been
approved to treat melanoma, hepatocellular carcinoma,
renal cell carcinoma and colorectal cancer dAMMR/MSI-
H subtype, etc, since 2011.4° However, compared to
those of anti-PD-1 therapy, both efficacy and toxicity of
anti-CTLA-4 therapy are suboptimal.*’ Therefore, it is
important to further understand the mechanism and
optimize the clinical use of CTLA-4 blockade.

Vetizou et al.** demonstrated gut microbiota, partic-
ularly members in Bacteroidales, played a key role in
the immunomodulatory effects of CTLA-4 inhibitor. In
mice and patients with metastatic melanoma, increased
levels of Bacteroides thetaiotaomicron, B. fragilis and Bur-
kholderiales were associated with T cell responses and
the efficacy of CTLA-4 blockade. Antitumor effects of
CTLA-4 blockade were compromised in antibiotic-
treated or GF mice, whereas FMT from a specific cluster
of melanoma patients with relatively more Bacteroides
spp. to recipient mice restored the level of antitumor
effects.** B. fragilis, B. thetaiotaomicron and Burkholder-
iales induced IL-12-dependent Ty, immune responses
in tumor draining lymph nodes, which facilitated the
antitumor effects of CTLA-4 blockade in mice and
patients while maintaining intestinal integrity.**
Another clinical study*® demonstrated that patients
whose baseline gut microbiota was enriched with Faeca-
libacterium and other Firmicutes had superior clinical
responses to ipilimumab, including longer progression-
free survival and overall survival.

A major hurdle for ICI therapy in the clinic is
immune-related adverse effects (irAEs), with 9o% of
patients developing irAEs in any grade, most commonly
colitis.#” Dubin et al*° characterized the intestinal
microbiota of patients for predicting the development of
intestinal inflammation and colitis following ipilimu-
mab treatment. The findings suggested that colitis-free
patients possessed higher abundance of the Bacteroi-
detes phylum, compared to patients progressed to coli-
tis. Also, microbiota-associated modules for bacterial
polyamine transport system are associated with an
increased risk of colitis.*?

PD-1/PD-L1 inhibitor

Multiple PD-1 blockers (e.g., nivolumab and pembro-
lizumab) and PD-L1 blockers (e.g., atezolizumab, ave-
lumab and durvalumab) are approved for the
treatment of various types of cancers including solid
tumors, such as melanoma, lung cancer, head and
neck cancer, and colorectal cancer dMMR/MSI-H
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subtype as well as hematological tumors such as
Hodgkin's lymphoma.*®

Similar to CTLA-4 inhibitors, the outcome of PD-1
blockades in both mice and patients is markedly influ-
enced by the gut microbiota. Early in 2015, Sivan et al.*®
demonstrated that oral gavage of commensal Bifidobac-
terium into mice enhanced the efficacy of anti-PD-1 ther-
apy. Transcriptomic profiling suggested that host
dendritic cells were activated by Bifidobacterium-derived
signals, and further boosted effector function of CD8* T
cells. Routy et al.*® profiled fecal samples from lung and
kidney cancer patients undergoing anti-PD-1 therapy,
and segregated responding patients from non-respond-
ing patients based on the profiles of fecal microbiome.
In responding patients, Akkermansia muciniphila and
Enterococcus hirae showed a higher level of abundance
in fecal microbiome. Further, FMT from the responders
(but not from the non-responders) into antibiotic-
treated or GF mice improved the therapeutic effects of
anti-PD-1 therapy. Moreover, oral administration of A.
muciniphila alone or in combination with E. hirae into
mice after FMT with the non-responder feces restored
the antitumor activity. Immunological changes elicited
by A. muciniphila and E. hirae in mice include the pro-
motion of the IL-12 secretion by dendritic cells, and the
accumulation of CCRg9™ CXCR3" CD4" T cells in the
tumor microenvironment.*> Matson et al.’° compared
gut microbiota composition in metastatic melanoma
patients with different clinical responses and found Bifi-
dobacterium longum, Bifidobacterium adolescentis, and
Enterococcus faecium were significantly enriched in
patients who responded to anti-PD-1 therapies. Fecal
transfer to GF mice from responders and non-respond-
ers, paralleled the patient clinical responses, respec-
tively. Similarly, Gopalakrishnan et al.>* studied the oral
and gut microbiome of melanoma patients who
received anti-PD-1 therapy. Fecal samples of responding
patients showed higher alpha diversity and enrichment
of the Ruminococcaceae family and the Faecalibacterium
genus, compared to those of non-responders. Metage-
nomic analysis revealed the enrichment of anabolic
functions in responders and the enrichment of catabolic
functions in non-responders. GF mice transplanted
with responder feces had a better response to immuno-
therapy compared to those transplanted with non-
responder feces, and a higher level of CD8" T cells in
the tumor microenvironment as well as in the gut,
which were in line with the clinical observation.”" The
association between gut microbiota and clinical
responses in patients with GI cancer that received anti-
PD-1/L1 treatment has also been investigated.”* The 16S
and metagenomic analyses revealed that several factors
are related to the favorable clinical outcomes, including’
increased ratio of Prevotella and Bacteroides®; enrich-
ment of Ruminococcaceae and Lachnospiraceae’;
enrichment of short-chain fatty acid (SCFA) producing
bacteria, eg.,  Eubacterium, Lactobacillus  and
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Streptococcus.>> More recently, Fusobacterium nucleatum
has been reported to promote the therapeutic effects of
PD-L1 blockade in mice and patient-derived organoid
models with colorectal cancer, by activating PD-L1
expression and upregulating the accumulation of IFN-
y" CD8" tumor-infiltrating lymphocytes.>

Interestingly, the bacterial species that were found
enriched in the responders to anti-PD-1 therapy by dif-
ferent studies are very diverse across the global popula-
tion, which may be related to the differences of
geographic location, sequencing method, analytical
pipeline, etc. The detailed interplays between gut micro-
biota and tumor immune microenvironment remain
largely unknown and to be further explored. Neverthe-
less, these studies provide a strong rationale for the
development of microbiota-centered approach to pre-
dicting and enhancing the therapeutic effects of ICIs in
patients. We anticipate that a multiparameter model
incorporating pharmacomicrobiomics to be applied in
the near future to prognosticate which patients are likely
to benefit from immunotherapies.

Potential microbiome-modulating strategies
for improving cancer therapeutic effects

Fecal microbiota transplantation (FMT)
FMT is an efficient approach to remodeling gut micro-
biota of patients and has been widely applied to treat
recurrent Clostridioides difficile infections, inflammatory
bowel diseases and metabolic syndrome, etc.’*> The
therapeutic role of FMT in cancer treatment is being
actively investigated. Two papers published in 2021
both demonstrated that FMT promoted the efficacy of
anti-PD-1 therapy in melanoma patients.’*>® In the two
studies, three out of ten (30%) and six out of fifteen
(40%) patients who were initially immunotherapy-
refractory showed clinical responses upon receiving
responder-derived FMT together with anti-PD-1 therapy.
These findings demonstrated that the combination of
FMT and anti-PD-1 rebuilt the gut microbiota and
modified the tumor microenvironment, including
increased CD8" T cell activation and altered gene
expression. These encouraging results indicate a
potential strategy to improve anti-PD-1 treatment by
modulating gut microbiota using FMT. Currently, a
number of clinical trials, including NCTo411677s,
NCTog4521075, NCTo4758507, and NCTo4130763
(Table 1), are being undertaken to evaluate the safety
and efficacy of this strategy in other cancer types
(e.g., lung cancer, gastric cancer, kidney cancer and
prostate cancer), and to further evaluate the underly-
ing mode of action of the combined use of FMT and
ICIs.

As the ability to restore the reduced diversity and dys-
biosis of gut microbiota, FMT is able to alleviate adverse
effects of cancer treatments. Wang et al.>® reported that

the first clinical study of ICI-related colitis successfully
treated by FMT, accompanied by a reshaped gut micro-
biome and increased proportion of regulatory T cells
within the colonic mucosa. Furthermore, in cancer
patients treated with cytotoxic chemotherapy, FMT also
serves as a highly effective and safe treatment against
chemotherapy-induced C. difficile infection.”” One of the
major challenges in FMT is fecal donor selection and
screening, as a precise donor inclusion and exclusion
criteria is critical for the success of this strategy.

Probiotics

Probiotics, including natural probiotics and genetically
engineered ones, showed great potential as live biother-
apeutic products (LBPs) for both improving the efficacy
and limiting the side effects of cancer chemotherapy
drugs.’®

As discussed in Section 2.7 and 2.8, multiple bacterial
species may enhance the efficacy of ICIs, including Akker-
mansia muciniphila,¥® Bifidobacterium spp.,*> B. fragilis**
and Lactobacillus rhamnosus Probio-Mg.> Tanoue et al.*®
reported that a defined commensal consortium of 11
strains induced interferon-y-producing CD8" T cells in
the intestine and enhanced the therapeutic efficacy of ICIs
in mouse models. The 11-strain mixture is under Phase 1
clinical trial as an orally administered treatment combined
with anti-PD-1 drug nivolumab (ClinicalTrials.gov identi-
fier: NCT04208958) (Table 1). Moreover, Anker et al.®'
isolated a patient-derived prostate-specific immunomodu-
latory bacterial strain, E. coli CP1, which increased the sur-
vival of prostate cancer mice in combination with anti-PD-
1. Most recently, a randomized phase 1 trial (ClinicalTrials.
gov identifier: NCTo3829111) reported that a bifidogenic
live biotherapeutic product Clostridium butyricumn CBM588
enhanced the efficacy of nivolumab-ipilimumab combina-
tion in patients with kidney cancer.®?

Administration of probiotics can be used for the
amelioration of adverse effects of anticancer drugs as
well. Wang et al.”> demonstrated that immune-related
adverse effects (e.g., colitis) of CTLA-4 inhibitor was
ameliorated by the administration of probiotic Bifidobac-
terium strains in mice.

Furthermore, several engineered microbes were
developed for improving cancer treatment.°* Canale
et al.°* developed an engineered E. coli Nissle 1917
strain that locally increased intratumoral L-arginine lev-
els, a key determinant of anti-tumor effectiveness. Intra-
tumorally injection of this strain synergizes with PD-L1
inhibitor in promoting tumor control and the survival
in tumor-bearing mice.°* Another engineered E. coli
Nissle 1917 strain with augmented myrosinase which
catalyzes dietary glucosinolate as a prodrug into an anti-
cancer molecule sulforaphane, displayed significant
tumor inhibitive effects.® Moreover, a Salmonella enter-
ica strain engineered with a synchronized lysis circuit
(SLC) that can lyse and release anti-tumor toxin
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Approach

Anticancer drug

Cancer type

Study aim

Trial identifier

Fecal microbiota transplantation
(FMT)
FMT

FMT

FMT
FMT

FMT

FMT

Probiotics VE800 (a consortium
of 11 human commensal bac-
terial strains)

Probiotic B. fragilis bf-839

Probiotic Clostridium butyricum
CBM588
Traditional Chinese Medicine

(ginseng polysaccharides)

Pembrolizumab, enzalutamide

Nivolumab

Immune checkpoint inhibitors

(ICls, not specified)

Anti-PD-1 (not specified)

Pembrolizumab, nivolumab

Anti-PD-1 (not specified)

Anti-PD-1/L1 (not specified)

Nivolumab

Anti-PD-1 (not specified)

Anti-PD-1 anti-CTLA-4
combination

Anti-PD-1 (not specified)

Prostate cancer

Melanoma, unresectable mela-
noma, non-small cell lung
cancer

Renal cell carcinoma

Gastrointestinal system cancer

Metastatic colorectal adenocarci-
noma, metastatic small intesti-
nal adenocarcinoma, stage IV
colorectal cancer

Lung cancer

Lung cancer

Melanoma, gastric cancer

Non-small cell lung cancer

Kidney cancer

Lung cancer

FMT and pembrolizumab for men with metastatic prostate cancer

To evaluate the safety and efficacy of FMT and nivolumab in subjects with
metastatic or inoperable melanoma, MSI-H, dMMR or non-small cell lung
cancer

FMT to improve efficacy of ICls in renal cell carcinoma

FMT capsule for improving the efficacy of anti-PD-1
FMT and reintroduction of anti-PD-1 therapy for the treatment of metastatic

colorectal cancer in anti-PD-1 non-responders

FMT capsule to enhance the efficacy of anti-PD-1 in advanced lung cancer
treated with immunotherapy

Study of how human microbiota trans-plantation affect the efficacy of PD-1
immunotherapy in patients with non-small cell lung cancer

Study of probiotics VE800 and nivolumab in treating patients with selected

types of advanced or metastatic cancer

Probiotic (B. fragilis bf-839) to enhance the efficacy and reduce side effects of
anti-PD-1 antibody in the treatment of lung cancer

To evaluate the effect of CBM588 on the efficacy of the nivolumab/ipilimu-
mab combination

To examine the sensitization effect of ginseng polysaccharides on lung can-

cer patients to anti-PD-1 immunotherapy

NCT04116775

NCT04521075

NCT04758507

NCT04130763
NCT04729322

NCT04924374

ChiCTR2100043472

NCT04208958

ChiCTR2100054558

NCT03829111

Not found

Table 1: Ongoing clinical trials on microbiota-regulating approaches for improving therapeutic effects of anticancer drugs.
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synchronously.®® The combination administration of
this strain and the chemotherapeutic drug 5-FU in mice
exhibited notable increased anti-tumor effect than either
therapy alone.°® In the future, the dose of probiotics
supplemented to the patients should be determined
through preclinical and clinical trials to maximize the
functionality of boosting drug efficacy.

Bacteriophage

Phage-guided modulation of gut microbiota can achieve
high selectivity in limiting specific bacteria that contribute
to chemoresistance and side effects of cancer chemother-
apy.”” Zheng et al.*’ isolated a phage against Fusobacte-
rium nucleatum, and showed oral administration of the
phage specifically eliminated F. nucleatum in mice gut as
well as F. nucleatum-induced chemoresistance to irinote-
can.®” This study emphasis bacteriophages as a promising
strategy for microbiome-editing and enhancing the effi-
cacy of anticancer therapies, whereas the safety and tolera-
bility endpoints are needed to be examined in the use of
phage-drug combinations in the clinic.

Minimizing the use of antibiotics

Although some members in gut microbiota are account-
able for certain negative effects of certain anti-tumor
drugs, bacterial ablation with antibiotics dampens the
efficacy of multiple anticancer drugs, including cyclo-
phosphamide,®® platinum salts (e.g., oxaliplatin and cis-
platin), anti-CTLA-4 and anti-PD-1/L1 antibodies.®”
Viaud et al.°® discovered that treatment of antibiotics
led to the therapeutic failure of cyclophosphamide in
tumor-bearing mice, as the gut microbiota stimulate
specific immune responses which are critical for the
anticancer effect of cyclophosphamide. Moreover, a pro-
spective, multicenter clinical study®® demonstrated that
the use of broad-spectrum antibiotic is associated with
the poorer outcome following ICI treatment. Worse
overall survival (2 months for prior antibiotic therapy vs
26 months for no prior antibiotic therapy) was observed
in patients with lung cancer (n=119), melanoma
(n=38), and other tumor types (n=39).°% As such, the
use of antibiotics in cancer patients should be mini-
mized for optimal responses to cancer therapy.

Other microbiota-modulating agents

Traditional Chinese medicines (TCMs) and dietary
interventions have also been studied for their effects in
modulating gut microbiome and drug outcome.””
Using germ-free mouse models, Huang et al.”® demon-
strated that ginseng polysaccharides (the main active
substance in TCM ginseng) sensitize lung cancer
tumor-bearing mice to anti-PD-1 immunotherapy, by
modulating both microbial composition (e.g., Parabac-
teroides distasonis and Bacteroides vulgatus) and microbial
metabolites (e.g., valeric acid and |-kynurenine).

Similarly, a classical TCM formula Gegen Qinlian
decoction has been reported to enhance the effect of
PD-1 inhibitor by reshaping the gut microbiota and the
tumor microenvironment.”" Further, as multiple TCMs
have been reported to modulate gut microbiota and at
the same time exert anti-tumor effects, their capacity of
improving anticancer drug efficacy via governing micro-
biota would be interesting to investigate.

Furthermore, Rizvi et al.”” reported that high-salt
diet (HSD), which can activate NK cells and gut micro-
biota (e.g., increasing abundance of Bifidobacterium), is
able to enhance anti-PD-1 therapy and tumor regression
in mice. Given that a number of dietary interventions
may sensitize multiple cancer cell types to anticancer
therapies, such as fasting, ketogenic diet (which pro-
vides glucose restriction) and supplementation of
histidine,”>”# future studies may further highlight the
effects of microbiome on the synergistic effects of anti-
cancer drugs and dietary interventions.

Outstanding questions

The gut microbiota acts as an “invisible organ” to modu-
late the efficacy and toxicity of multiple antitumor drugs
against various cancer types. As a promising step
towards precision and personalized medicine, micro-
biota may become an important biomarker or interven-
tional target to improve future cancer treatment.

Multiple observational studies have revealed associa-
tions between the gut microbiota composition and anti-
cancer drug outcome. However, the causative role of
microbiota in drug efficacy and toxicity should be fur-
ther investigated with animal models or clinical trials
with large cohorts. Moreover, differences between
humans and animal models in interacting with micro-
biota and drugs should be cognizant of in terms of
translating results from animal models to humans.

A very diversified pool of bacterial species which may
enhance efficacy of immune checkpoint blockade has
been identified through different research groups across
the globe. This is not very surprising because the com-
position of human gut microbiota is influenced by
many geographic factors such as ethnic groups and life-
styles.”” Thus, it would be valuable to carry out studies
in diverse geographic locations, especially in under-rep-
resented locations. In addition, the observed results
may be interfered by different sample collection,
sequencing and data analytical methods. Therefore, a
standardized and consistent pipeline for studying phar-
macomicrobiomics is required to be utilized.

Certain bacterial species exerted opposite effects on
modulating efficacy of different drugs. For example, Fuso-
bacterium nucleatum strains, which have been recognized
as pathobionts involved in colorectal cancer progression,”
may abate the anticancer efficacy of 5-FU while promoting
the efficacy of PD-L1 blockade.**>* As such, a compressive
evaluation of benefits and risks is needed before applying
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Figure 2. Flow chart of the literature review process.

interventions with certain microbial species. Moreover,
same microbiota-manipulating intervention (e.g., FMT or
probiotics) may result in heterogeneous responses among
various populations. This may be due to the heterogeneity
of native gut microbiota patterns and functions prior to
these interventions. Therefore, associations between native
gut microbiota and intervention effectiveness need to be
investigated further, and predictive algorithms are
required for more precise and effective microbiota-modu-
lating medicine.

Other outstanding questions for future research
include more detailed mechanisms, applicability of can-
cer types, safety and efficacy of each microbiota-modu-
lating approach, as well as the discovery of biomarkers
based on microbiome for predicting drug responses.
Further understanding of the tripartite interplays
among microbiota, host responses and anticancer drugs
will lead to more precise, personalized and optimized
therapeutics for cancer patients.

Search strategy and selection criteria

Data for this review were identified via searches within
PubMed, ClinicalTrials.gov, Chictr.org, and references
from relevant articles using keywords “microbiota”,
“anticancer drug”, “chemotherapy”, and “immunotherapy”
(Figure 2). Articles published between 1980 and 2022
were included with particular emphasis on those published

in the past five years.
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