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Immunotherapy has emerged as an effective treatment for various types of cancers. Recent studies have highlighted

a significant correlation between the gut microbiome and patients' response to immunotherapy. Several characteristics
of the gut microbiome, such as community structures, taxonomic compositions, and molecular functions, have been
identified as crucial biomarkers for predicting immunotherapy response and immune-related adverse events (irAEs).
Unlike other -omics, the gut microbiome can serve as not only biomarkers but also potential targets for enhancing

the efficacy of immunotherapy. Approaches for modulating the gut microbiome include probiotics/prebiotics sup-
plementation, dietary interventions, fecal microbiota transplantation (FMT), and antibiotic administration. This review
primarily focuses on elucidating the potential role of the gut microbiome in predicting the response to cancer immu-
notherapy and improving its efficacy. Notably, we explore reasons behind inconsistent findings observed in different
studies, and highlight the underlying benefits of antibiotics in liver cancer immunotherapy.
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Introduction

Immunotherapy is a novel biotherapy designed to
enhance immune responses against cancer [1]. Vari-
ous immunotherapy drugs have been developed and
employed in clinical trials or practice for cancer treatment
[2]. Immune checkpoint inhibitors (ICIs), a class of drugs
that target immune checkpoint molecules, are mostly
used and show remarkable efficacy in several types of
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cancer [3, 4]. It is estimated that 1,290,156 patients are eli-
gible for ICIs in China annually [5]. Despite the promising
efficacy of immunotherapy, only a limited proportion of
patients can benefit from it. The response rate was around
20% for liver cancer and melanoma patients [4, 6-9], and
it only increased to approximately 30-50% in combina-
tion therapy [10-15]. Hence, it is imperative to efficiently
identify predictive biomarkers linked to clinical response
to immunotherapy. Although several immunotherapy
biomarkers, such as expression level of programmed cell
death ligand 1 (PD-L1), tumor mutational burden (TMB),
and tumor-infiltrating T cells [16—20], were identified
in different types of cancer, none of them was validated
clinically. Additionally, these potential biomarkers are
often intrinsic features that are challenging to manipu-
late, further limiting their practical application. Gut
microbiome, the entire community of gastrointestinal
(GI) microorganisms along with their genome and living
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environment [21], has recently been appreciated as an
essential factor in immunotherapy [22-24]. Researchers
proposed that gut microbiome can be used as both bio-
markers and manipulating targets to predict and enhance
the antitumor immunotherapy efficacy in different types
of cancer [3, 25-27], which is critical for the precise
application of immunotherapy and provides important
guidance to patients’ screening, precision tailoring, and
response improving. This review provided a compre-
hensive overview of the gut microbiome’s role in cancer
immunotherapy, from response prediction to efficacy
enhancement. To be specific, the practical characteristics
of gut microbiome were categorized into the community
structure, the taxonomic differences, and the functional
molecular/pathway changes, and the manipulations of gut
microbiome were summarized as overall and individual
regulation including probiotics/prebiotics/dietary fibers
supplementation, fecal microbiota transplantation (FMT),
and antibiotics usage. In particular, we emphasized the
dual function of antibiotics in cancer immunotherapy.
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Finally, we discussed the future directions for the applica-
tion of gut bacteria in immunotherapy.

The mechanisms of the influence of gut
microbiome on immunotherapy

The gut microbiome influences the effectiveness of
immunotherapy mainly through regulating the immune
system. Both innate and adaptive immunity could be
regulated by the gut microbiome and their metabo-
lites (Fig. 1) [28]. A higher density of immune cells and
antigen processing/presentation markers were found in
patients with high enrichment of Faecalibacterium [29].
A recent study found that the gut microbiome promotes
antitumor immunity by suppressing the expression of
PD-L2 and its binding partner repulsive guidance mol-
eculeb (RGMb). The mediator responsible for this effect
was identified as Coprobacillus cateniformis, which was
found to downregulate PD-L2 expression on dendritic
cells (DCs) and increase the efficacy of programmed cell
death protein 1 (PD-1) inhibitors [30]. The Faecalibacte-
rium, Ruminococcaceae, and Clostridiales were enriched
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Fig. 1 The mechanisms underlying the impact of gut microbiota and their metabolites on immunotherapy. NK natural killer, DC dendritic cell, CTL
cytotoxic T lymphocyte, APC antigen-presenting cell, Treg regulatory T cell (created with BioRender.com)
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in PD-1 inhibitor responders of melanoma and showed a
significantly positive correlation with CD8* T cell infil-
trate, as well as frequencies of effector CD4" and CD8"
T cells in the circulation [29]. Meanwhile, Bacteroidales,
which are associated with non-responders, showed cor-
relations with reduced infiltration of CD8" T cells in
tumors and elevated levels of regulatory T cells (Tregs)
and myeloid-derived suppressor cells (MDSCs) in the
circulation [29]. Recently, a study has revealed that mela-
noma patients treated with combined ICIs and developed
immune-related adverse events (irAEs) of grade three or
higher exhibited an increased abundance of Bacteroides
intestinalis. The research suggests that B. intestinalis may
trigger the occurrence of irAEs by inducing ileal IL-p1
expression, which can be prevented by administering an
IL-1R antagonist [31].

The cross-reaction between microbial antigens and
tumor antigens has been found important for the
antitumor effect of gut microbiome [32]. Therefore,
the microbiome components may enhance the efficacy
of immunotherapy to a certain degree. Vétizou et al
found that specific Bacteroides species are crucial
for the antitumor effects of CTLA-4 blockade. Oral
administration of either Bacteroides thetaiotaomicron
or B. fragilis to antibiotic-treated or germ-free mice was
sufficient to recover these effects [33]. Further analysis
revealed that not only the gavage with B. fragilis but
also immunization with B. fragilis polysaccharides can
rescue the deficiency of response to CTLA blockade
observed in antibiotic-treated or germ-free mice, and a
similar effect was also observed upon adoptive transfer
of B. fragilis-specific T cells [33], highlighting the role of
microbiota-associated immune reactions rather than live
microorganisms in enhancing immunotherapy. Similarly,
Zhuo et al. combined Lactobacillus acidophilus lysates
with CTLA-4 blockade to treat BALB/c mice models
of colorectal cancer (CRC). The combination therapy
enhanced the antitumor effect of CTLA-4 blockade,
resulting in slower weight loss and fewer tumors by
increasing CD8" T cells and memory T cells while
decreasing immunosuppressive cells such as Treg and
M2 macrophages [34].

In addition to bacteria, other members of the gut micro-
biome may also serve as predictors for immunotherapy
response. Fluckiger et al. found that a protein epitope
from a prophage, which was present in the genome of
bacteriophage Enterococcus hirae, exhibits cross-reactiv-
ity with tumor MHC class I-restricted antigens. E. hirae
strains containing this epitope show antitumor effects and
can elicit specific T cell responses during immunotherapy,
while the absence or mutation of this epitope is associated
with a lack of antitumor effects. Furthermore, the pres-
ence of this prophage in fecal specimens corresponded
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to enhanced efficacy of immunotherapy in patients with
renal or lung cancers [32].

Short-chain fatty acids (SCFAs) are important metabo-
lites produced by gut microbiota, which have the poten-
tial to modulate immune system. In a mouse model,
it was found that SCFAs can limit the activity of anti-
CTLA-4 by restricting the up-regulation of CD80/CD86
on DCs and ICOS on T cells, as well as the accumula-
tion of tumor-specific and memory T cell [35]. Butyrate,
a four-carbon SCFA, can induce the differentiation of
Tregs in liver [36], which may suppress the antitumor
immunity of immunotherapy. It is worth noting that
the metabolic products might be correlated with spe-
cific bacteria strains, thus assessing their relationship
is of great significance. For example, ursodeoxycholic
acid (UDCA) and ursocholic acid (UCA) (enriched in
responders) were significantly associated with the enrich-
ment of Lachnoclostridium [37]. Positive correlations
were also found between the anti-PD-1/PD-L1 response
and the SCFA-producing gut bacteria (such as Eubacte-
rium, Lactobacillus, and Streptococcus) in different GI
cancers [27]. Inosine is a nucleoside that plays an impor-
tant role in the metabolism of purines. It has been dem-
onstrated that the production of the gut-derived inosine
by intestinal Bifidobacterium pseudolongum resulted in
an enhanced immunotherapy response through T cell
expression of adenosine A,, receptor and costimula-
tion [38]. Anacardic acid, an alkyl derivative of salicylic
acid mainly produced from the nutshell of cashews, was
found to remarkably increase in responders, which can
be explained by its ability to stimulate neutrophils/mac-
rophages and enhance T-cell recruitment, and conse-
quently improve immunotherapy [28, 39].

Last but not least, the gut microbiome might be
shaped by cancer immunotherapies. For example,
when compared to healthy controls, the abundance

of Bacteroides plebeius, Lactobacillus, Prevotella,
Streptococcus, Oscillospira, Rikenellaceae, and
Enterobacteriaceae was higher during Nivolumab

treatment in NSCLC patients [40]. There are also
studies comparing the changes in gut microbiome
before and after immunotherapy. Little changes were
observed in the relative abundance of the top 20 most
abundant microbes in NSCLC patients before and during
immunotherapy (at baseline, from 1 to 4 treatment
cycles, and when disease progressed) [41]. However,
the gut microbiome associated with immunotherapy
was found altered in response to immunotherapy. As
mentioned above, different Bacteroides species, such
as B. thetaiotaomicron or B. fragilis, are required for
the anticancer effects of CTLA-4 blockade in mice and
humans. The abundance analysis of Bacteroidales and
Bacteroides before and 2 weeks after immunotherapy
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showed that ipilimumab can facilitate the colonization
of B. thetaiotaomicron or B. fragilis [33]. These results
suggested the reciprocal influence between the gut
microbiome and immunotherapy and highlighted the
importance of studying the gut microbiome throughout
the process of immunotherapy.

Effectiveness prediction of immunotherapy

The gut microbiome is a stable and diverse part of the
human body. The gut microbial community can be
relatively stable in a certain period at the individual
level, which indicates that there is a stable association
between gut microbial status and individual health.
Heterogeneity of gut microbiome across individuals
could be resulted from confounding factors such as
genetics, diet, environment, drugs, and smoking.
Previous research has identified these differences
can be used to classify populations including drug
responders and nonresponders populations [42—44]. As
mentioned in the previous section, intense crosstalks
have been discovered between gut microbes and the
immune system [25, 29, 45]. The gut microbiome affects
the development and function of the immune system in
a variety of ways, such as regulating the differentiation
of lymphocytes, natural killer (NK) cells, and Tregs [25,
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29, 45]. This close connection provides a theoretical
possibility for predicting the efficacy of immunotherapy.
In addition, gut microbiome, represented by stool
samples, could be easily acquired, which enables
clinicians to obtain baseline pre-immunotherapy
microbiome data. In fact, there have been many studies
that identified the connection between gut microbiome
characteristics and immunotherapy efficacy, and the
baseline gut microbiome information is recognized
as a suitable candidate for predicting the response to
immunotherapy [46—49].

The gut microbiome is a complex community with vari-
ous features. To put it clearly, we classified the potential
predictive characteristics of the gut microbiome into three
categories: (i) the community structures, (ii) taxonomic
compositions, and (iii) function factors (Fig. 2A). In short,
community structures reflect the general characteristics
of the microbiome, such as the diversity of the gut micro-
biome. The taxonomic composition refers to the specific
microorganisms that can be manipulated easily and indi-
vidually with great translational and controllable potential.
The function factors include gene expression-related fac-
tors such as the metabolic pathways and protein/metabolic
products, which may be more direct and accurate biomark-
ers due to their closest relationship with the mechanisms.

TR - a2 )
T |

(
. “Escc o

Pyramidobacter A

Butyricimonas L

_ Dialister |
~\ Rhodocyclaceae A

{ )
Lymphoma \\ //

Ruminococcus
Faecalibacterium

7N\
Lung cancer ( \
Akkermansia muciniphila\ ’ '/

Alistipes

/ \ Liver cancer I
\ | Akkermansia muciniphila Faecalibacterium
"/ Faccalbacteriom Fusobacterium o
~ Lachnospiraceae bacterium
Ruminococcus ( \
Lactobacillus RCC ( @ )
Akkermansia muciniphila \ )
Bacteroides salyersize ~ \_ Vi
Eubacterium siraeum -
Erysipelotrichaceae
bacterium
Clostridium hathewayi
Clostridium clostridioforme
Colorectal cancer S
Prevotella ,/ 7 N\

VN Melanoma ——~

Faecalibacterium prausnitzii

/ \
( * ) Ruminococeus obeum

Fusobacterium | 9@ )
RRoScEoomgooooo | \
[Red: responders enriched bacteria \. VA
Blue: non-responders enriched bacteria | T

Vo \

Unknown mechanisms * Replacelihewhole ':,/’ )
3 & FvT \ZS g/

A& 554

Before manipulation After manipulation

Fig. 2 The role of gut microbiome in immunotherapy. A Gut microbiome biomarkers for immunotherapy. B Manipulation of the gut microbiome

to enhance the efficiency of immunotherapy (created with BioRender.com)
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Community structures

It is well established that the diversity or abundance of
the gut microbiome is a possible biomarker for predicting
the prognosis of diseases, including the prediction of
immunotherapy response. Low microbiota diversity
was observed in chronic diseases and related to poor
prognosis in cancer therapy [29]. Similarly, patients
who have gut microbes with lower diversity or species
richness are less likely to respond to immunotherapy and
experience shorter progression-free survival (PFS) [50-
52]. Higher species richness or diversity has been found
in responders with non-small-cell lung cancer (NSCLC),
hepatocellular carcinoma (HCC), or melanoma at
baseline compared with non-responders [29, 31, 41,
48, 53, 54]. Though most studies revealed positive
associations, a few studies, especially studies with
relatively small sample sizes, failed to testify significant
differences between gut microbiota species abundances
and response to immunotherapies. One possible reason
for these heterogeneous results is the lack of sufficient
patient samples, which may make random errors
dominant.

Moreover, the high diversity of gut microbiome in
responders remains stable during the immunotherapeutic
process, which is different from the specific bacteria
strains [41, 48, 55]. In a Chinese cohort with NSCLC,
stool samples were collected at baseline and at
eight consecutive time points (every 2 weeks) after
immunotherapy. No significant changes were observed in
Shannon diversity index or gut microbiota composition at
the genus level among different time points. The authors
also conducted PCoA analysis of gut microbiome in 10
patients (seven responders and three non-responders).
Gut microbiome at different time points could not be
divided into obvious clusters, while responders and
non-responders were separated clearly [48]. Zhang et al.
carried out a similar longitudinal sampling strategy to
dynamically evaluate the gut microbiome in NSCLC
patients throughout anti-PD-1 treatment. Five sampling
time points were chosen from baseline to disease
progressed. There was no significant difference in alpha
or beta diversity at different time points [41]. These
findings suggested that the community structures of
gut microbiome remained largely stable throughout the
immunotherapy, and this stability enables it as a stable
biomarker for response prediction.

Taxonomic differences

The taxonomic composition of gut microbes (specific
microorganisms) may serve as ideal markers for immu-
notherapy prognosis due to their accuracy in prediction
tasks and convenience for clinical supplement or dele-
tion. Specific differences in the microbiome composition
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were found in both responders and non-responders at
different taxonomy levels (including phylum, class, order,
family, genus, species, and even strains) (Tables 1, 2).
Despite the promising results of the predictive role of
the gut microbiome in cancer immunotherapy, consist-
ent results have not been obtained, possibly due to the
dynamic, complex, and susceptible nature of gut micro-
biome (Fig. 3).

The common and individual immunotherapy biomark-
ers can be found among different cancer types (Fig. 2A).
For common biomarkers, Akkermansia muciniphila had
the potential to serve as a common biomarker for respond-
ers with liver cancer, lung cancer, or renal cell carcinoma
(RCC) [3, 47, 55, 58], and Faecalibacterium was enriched
in responsive patients with liver cancer, melanoma, or
lung cancer [25, 29, 39, 41, 50, 54, 57, 62]. Regarding indi-
vidual biomarkers, liver cancer patients who responded to
immunotherapy exhibited a higher abundance of Lachno-
spiraceae bacterium, Alistipes sp. Marseille, and Rumino-
coccaceae spp. (at the species level), which were associated
with longer PFS and overall survival (OS). Conversely,
non-responders showed enrichment of Veillonellaceae
(at the family level), which is linked to worse PFS and OS
[46, 47]. At the species level, responders with lung cancer
exhibited increased levels of Alistipes putredinis, Bifido-
bacterium longum, Bacteroides vulgatus, Prevotella copri,
and Parabacteroides distasonis, while non-responders with
reduced PFS demonstrated a decrease in Ruminococcus
unclassified [48, 49]. At the genus level, Phascolarctobac-
terium and Ruminococcus were associated with improved
prognosis in lung cancers, while the higher relative abun-
dance of Dialister was linked to shorter PFS [61, 62]. For
patients with metastatic melanoma, it was observed that
Bifidobacterium longum, Bifidobacterium adolescentis,
Collinsella aerofaciens, and Enterococcus faecium (at the
species level) were more abundant in responders as com-
pared to non-responders [65].

Furthermore, Mao and colleagues investigated the cor-
relation between gut microbiota and clinical response to
PD-1 inhibitors in patients with hepatobiliary cancers,
including HCC and biliary tract cancer (BTC). Their find-
ings suggest that Firmicutes phylum bacteria are more
likely associated with a positive immunotherapy response
in HCC patients, while Bacteroidetes phylum bacteria
are enriched in BTC patients who respond favorably to
immunotherapy [46]. In general, the bacterial taxa asso-
ciated with immunotherapy responses across various
tumors do not completely overlap, especially at a lower
taxonomic level.

The gut microbiome biomarkers can vary when the
kinds of immunotherapy changes. Even the variance in
medication dosage can affect the identification of certain
microbiome biomarkers (Tables 1, 2). In a prospective
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Fig. 3 Causes of inconsistent results among different studies (created with BioRender.com)

study, though Bacteroides caccae was enriched in
responders regardless of the type of ICI therapy, specific
strains were found to be associated with different thera-
pies: Faecalibacterium prausnitzii, Bacteroides thetaio-
tamicron, and Holdemania filiformis were enriched in
Ipilimumab plus Nivolumab responders while Dorea for-
micogenerans increased in pembrolizumab monotherapy
responders [39].

The immunotherapy agents may not be the first-line
anticancer drugs in clinical scenarios. It is common for
cancer patients to receive pre-immunotherapy treat-
ments, including anti-cancer treatment (such as chemo-
therapies and target therapies) and non-anti-cancer
treatment (such as antibiotics treatment for infection).
Different studies may involve patients with different pre-
immunotherapy treatments [46, 47]. These pre-treat-
ments may have altered the baseline gut microbiome
composition of cancer patients, leading to variations in
study outcomes. For example, when applied as first-line
treatment, tyrosine kinase inhibitor (TKI), one of the
most common therapies prior to immunotherapy, has

been proven to shift the gut microbiome causing higher
enrichment of immunostimulatory Alistipes senega-
lensis and Akkermansia muciniphila, both of which are
over-present in responders and potentially ameliorate
the efficacy of immunotherapy in RCC [55]. Therefore,
the pre-treatment of sorafenib can alter the baseline gut
microbiome of patients in a different direction compared
with no pre-treatment, which may impact the identifica-
tion of biomarkers for immunotherapy [69]. However,
stratified analysis according to specific baseline therapy
is difficult, which brings new challenges to the clinical
application of immunotherapy biomarkers.

Different sequencing and analyzing methods, as well
as diverse reference databases, may also contribute to
inconsistent results [70]. Taking sequencing methods
as an example, 16-Seq ribosomal RNA gene sequencing
(16S rRNA-seq) and metagenomics are the two most
commonly used techniques for profiling gut microbiome
composition. These two methods can provide
microbiome information at different taxonomic levels:
16S rRNA-seq typically identifies up to the genus level,
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while metagenomic sequencing has the potential to
identify species.

The situation is particularly perplexing as bacteria
species within the same genus may exhibit opposite
effects. For instance, Bacteroides zoogleoformans was
associated with improved responses to immunotherapy,
while Bacteroides ovatus, Bacteroides dorei, and
Bacteroides massiliensis were related to worse PFS [46,
50] (more examples in Tables 1, 2). These results suggest
that we should interpret the results of immunotherapy
biomarkers with caution, as differences in bacterial
species, even within the same genus, can lead to opposite
conclusions, so caution should be exercised with cross-
genus or cross-species generalization of any microbiome
biomarker.

It is well known that gut microbiome is subject
to numerous influences, including some clinical
factors that are often neglected in the experiments. In
immunotherapy, the size, number, and stage of tumors
were found positively correlated with the responder-
related gut microbiome in liver cancer, whereas patients
with poor liver function and elevated levels of bile acid
and bilirubin tend to exhibit a higher prevalence of
non-responder-related gut microbiome [46]. Other
confounding factors, such as dietary, seasons, and
geographical locations, may also influence the gut
microbiome. For instance, Fang et al. compared the gut
microbiome of Chinese and French NSCLC cohorts and
observed that the strains of Akkermansia muciniphila,
which were abundant in responders, differed between
the two groups (with those from France belonging to
MGS.igc0118 and those from China belonging to MGS.
igc0776) [58].

In addition to the abundance of specific gut microbiota,
the relative abundance ratio among different bacteria
is also a potential predictor of immunotherapy
response. A proper Firmicutes/Bacteroidetes ratio
(phylum level) (generally 0.5-1.5), as well as a higher
Prevotella/Bacteroides ratio (genus level), was found
more frequently in the responders with HCC [53].
Moreover, most of the studies focus on the fecal
microbiome due to its easy access and convenient
detection. However, the microbiome in other parts
of the GI is also important for immunotherapy. For
example, Helicobacter pylori is an important pathogen
mainly cloned in the stomach, and a recent study found
that H. pylori seronegative patients survive longer than
seropositive patients (survival median: 6.7 months
compared with 15.4 months) in NSCLC patients treated
with PD-1 inhibitors [71]. Additionally, it should be
noted that certain local tumor microbes have been found
to correlate with the response to immunotherapy and
may serve as prognostic indicators for immunotherapy,
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although it is not the primary focus of this review. For
instance, a high diversity of local NSCLC microbiota
was associated with improved prognosis, while
Gammaproteobacteria in local tumor tissues were linked
to low PD-L1 expression and unfavorable results from
immunotherapy [72].

The functional components of the gut microbiome

The microbiome exerts its functions through gene
expression, encompassing transcription and translation
processes. The pathways and products involved during
these processes may serve as potential biomarkers
for immunotherapy. Peters et al. incorporated meta-
transcriptomics into their study on the association
between gut microbiome and immunotherapy responses
in melanoma patients for the first time. The pathways
exhibiting consistent positive associations between
metagenomic and meta-transcriptomic expression were
identified and classified into protective pathways, such as
biosynthesis of L-isoleucine and petroselinate, associated
with longer PFS, and risk-associated pathways linked to
shorter PES, including guanosine nucleotide biosynthesis,
L-rhamnose degradation, and B vitamin biosynthesis [50].
Notably, a positive correlation was observed between
risk-associated pathways and unfavorable bacterial
species, and a negative correlation was found between
risk-associated pathways and protective bacteria species.
Nevertheless, no significant association was shown
between protective pathways and protective species [50],
suggesting that these protective pathways may serve as
independent predictive factors regardless of taxonomic
compositions. The transcriptomic differences between
immunotherapy responders and non-responders
were also observed in a United States NSCLC cohort.
Specifically, thirty genes were significantly upregulated
in responders while ten genes were upregulated in non-
responders [62]. Further analysis revealed that carbon
fixation pathways were particularly abundant among
responders, whereas phosphotransferase systems were
more prevalent among non-responders [62].

The metabolic pathways and products of the gut
microbiome can also function as biomarkers for
immunotherapy. In a study utilizing PD-1 inhibitors
for NSCLC, Song et al. conducted an analysis of the
functional group protein family and gut microbiome
metabolism in patients with different PFS (>6 months
or <6 months). The metabolic potential of methanol
and methane, as well as 390 (KO), 264 (COG), and 859
(CAZy) functional group abundances, were found to
have significant differences between the two groups
[51]. In patients with liver cancer, the gut microbiome
of immunotherapy responders was more likely to be
associated with energy metabolism based on functional



Zhang et al. Experimental Hematology & Oncology (2023) 12:84

annotation, while amino acid metabolism was linked to
non-responders [46]. SCFAs are important fermentation
products of non-digestible carbohydrates by gut
microbiota, exerting significant impacts on human health
[73]. In a study involving eleven patients treated with
Nivolumab (PD-1 inhibitors), early NSCLC progression
was significantly associated with 2-pentanone and
tridecane, while butyrate, propionate, lysine, and
nicotinic acid were more likely to be related to favorable
outcomes [74]. Bile acids, another type of gut microbiome
metabolic product, have also been found to be associated
with the efficacy of immunotherapy. Responders in HCC
patients were observed to have significantly higher levels
of secondary bile acids (such as UDCA and UCA), which
are synthesized from primary bile acids by gut bacteria
[37].

Summary

In short, the characteristics of the gut microbiome at
baseline are promising biomarkers for predicting the
efficacy of immunotherapy. However, the results of
various studies are not always inconsistent, and even
within the same type of cancer, a uniform or universal
conclusion has not been drawn [48, 49, 61, 75, 76]. The
inconsistent results may be attributed to the variation
of (i) cancer types, (ii) analysis methods, (iii) sample
size, (iv) types of immunotherapies/drugs, (v) pre-
treatments, (vi) clinical factors of patients, and (vii) other
confounding factors (Fig. 3). To get conclusive outcomes
and put them into clinical applications, more dedicated
designing of trials, larger scales of participants, and more
up-to-date inter-disciplinary methods are in urgent need.
Table 3 summarizes some of the clinical trials aimed
at identifying appropriate gut microbiome-derived
biomarkers.

Prediction of irAEs by gut microbiome

The activation of immune response by immunotherapy
may result in the loss of control over the immune
system, leading to irAEs [23, 77]. Prediction of the irAEs,
especially the severe events, is crucial for preemptive
prevention and optimal application of immunotherapy.
The incidence of irAEs was found to be comparable
among NSCLC patients with different levels of PD-L1
expression (>1% or <1%) in a phase three clinical trial
[18], indicating that molecular markers may not be
reliable predictors for irAEs. Conversely, the microbiota
appears to have a more significant role in predicting
irAEs.

The gut microbiome can be both risk factors and
protective factors for irAEs. Checkpoint inhibitor
colitis (CIC) is the most frequently reported irAE.
Faecalibacterium prausnitzii acts as a risk factor in CIC
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while Bacteroides fragilis is deemed to be a protective
factor due to its anti-inflammatory role in the GI
tract [23, 25, 45]. The enrichment of Bacteroidetes,
which is a proposed immune regulator and can reduce
inflammation by promoting Treg differentiation, can also
be the marker of resistance to the development of CIC
[25, 45]. In liver cancer, the reduction of diversity and
relative abundance in the gut microbiome was associated
with severe immunotherapy-related colitis [46], which
implied that not only can the gut microbiome predict
irAEs, but also their severity. In metastatic melanoma
patients receiving Ipilimumab, a higher abundance of
Faecalibacterium and other Firmicutes was associated
with better response (longer PFS and OS) and more
colitis with a low proportion of Treg in peripheral blood
[25], indicating that specific bacteria may predict both
the efficacy and irAEs of immunotherapy. As for the
functional components of gut microbiome, two pathways
(polyamine transport system and biosynthesis of B
vitamins) were found related to colitis-free patients with
melanoma [45].

In addition to CIC, the gut microbiome can also
predict other irAEs, such as diarrhea and skin
toxicity [78]. Prevotellamassilia timonensis, which
are potential biomarkers to predict the severity of
immunotherapy-related colitis in liver caner, were
also found to be enriched in cases with severe diarrhea
[46]. Immunotherapy-related skin toxicity in advanced
NSCLC patients was significantly linked to a decreased
diversity of gut microbiome [61]. In a prospective cohort
study (NCT03688347), it has been found that the overall
irAEs rather than one type of irAEs can be predicted by
some bacteria, such as Bifidobacterium and Desulfovibrio
[64]. More clinical trials involving gut microbiome
as a biomarker of immunotherapy and irAEs were
summarized in Table 3.

In recent years, neoadjuvant immunotherapy has
emerged as a rapidly developing treatment option for
cancer patients [79]. Xu et al. found that taxonomic
features of the gut microbiome can predict the
pathological response and severe adverse events
(>3 grade) in esophageal squamous cell carcinoma
(ESCC) patients who were undergoing neoadjuvant
camrelizumab and chemotherapy [67], which further
expands the potential applications for gut microbiome
biomarkers.

Manipulation of the gut microbiota to enhance
immunotherapy

Compared with other response markers for immuno-
therapy, the gut microbiome not only serves as a fasci-
nating biomarker but also as an intervention target [80].
Manipulation of the gut microbiome can increase the
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proportion of responders, enhance therapeutic benefits,
and mitigate severe adverse events in immunotherapy.
The manipulation methods of the gut microbiota could
be divided into overall manipulation (such as FMT or
antibiotics usage) and specific manipulation (such as
probiotics/prebiotics supplement or selective antibiot-
ics usage) (Fig. 2B). Herein, we concentrate on the latest
advancements, obstacles, and prospects in manipulating
the gut microbiome to augment immunotherapy.

Probiotics supplementation

Oral administration of specific members of gut
microbiota (probiotics) is a convenient and acceptable
method for manipulating the gut microbiota. The
classical probiotics mainly belong to Lactobacillus
or Bifidobacterium [81]. It has been proved in mouse
models that oral administration of Bifidobacterium
spp. can enhance the efficacy of PD-L1 inhibitors and
almost eliminate tumor outgrowth, which was mediated
by the activation of DCs and subsequent enhancement
of tumor-specific CD8" T cells [82]. Interestingly, the
administration of Bifidobacterium alone is sufficient to
achieve comparable results in tumor control as PD-L1
inhibitors alone [82], suggesting a synergistic effect
of microbiome and immunotherapy. Lactobacillus
rhamnosus is another widely-used probiotic that can
rescue the poor efficacy of ICIs treatment caused by prior
antibiotic intake. The L. rhamnosus not only synergized
with ICI therapy and recovered the diversity and
composition of gut microbiome but also increased the
enrichment of favorable bacteria (such as Bifidobacterium
pseudolongum and Bacteroides) [83]. In a multicenter
retrospective study, it was also demonstrated that the use
of traditional probiotics in NSCLC patients treated with
anti-PD-1 monotherapy was associated with a favorable
prognosis [84].

With the development of microorganism culturing
and gene sequencing methods, an increasing number
of microorganisms have been identified as potentially
beneficial organisms for humans. These microorganisms
are referred to as next-generation probiotics (NGPs),
such as some bacteria species from Akkermansia,
Bacteroides, and Faecalibacterium [81]. These NGPs
are also potential manipulated factors for better
immunotherapy efficacy. Akkermansia muciniphila,
an NGP and health-promoting mucin degrader, can
retrieve the efficacy of PD-1 inhibitors by recruiting
CCR9'CXCR3*CD4* T cells in mice transplanted
with feces of non-responders [3, 85]. Another NGP,
B. fragilis, was also found to be effective in restoring
the impaired antitumor effects of CTLA-4 blockade in
antibiotic-treated mice [33]. Clostridium butyricum is a
probiotic bacterium that can increase the abundance of
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other probiotics and promote the expansion of IL-17A-
producing cells (including yOT cells and CD4 cells) [86].
In a clinical trial (NCT03829111), RCC patients who
received a combination therapy of ICIs and CBN588, a
live bacterial product containing Clostridium butyricum,
demonstrated significantly longer PFS compared to those
who received ICIs without CBM588 (12.7 versus 2.5
months) [87]. In addition to a single strain of bacteria,
a collection of bacteria strains may also cooperate to
enhance the antitumor immunity and therapeutic effects
of immunotherapy. A combination of eleven bacterial
strains was found to act together and induce interferon-
y-producing CD8" T cells without causing inflammation,
thereby enhancing IClIs efficacy in mice models [88].

Collectively, in cases where the mechanisms of the gut
microbiome’s influence on immunotherapy are clear, it
is highly desirable to improve immunotherapy outcomes
by supplementing with probiotics, as the addition of
probiotics can more specifically alter the structure
of the gut microbiome. However, even traditionally
used probiotics should be treated with caution, as
the inappropriate use of probiotics may compromise
the efficacy of immunotherapy and even promote
tumorigenesis. In a cohort of 158 melanoma patients
treated with ICIs, no statistically significant differences
were observed between those who received probiotics
and those who did not. Surprisingly, patients who did not
take probiotics had better outcomes (probiotics versus
non-probiotics: PFS 17 versus 23 months; response rate
59% versus 68%) [89]. In further preclinical models, it has
been observed in different models that mice receiving
probiotics showed remarkably larger tumors and
impaired antitumor response to immunotherapy [89]. In
line with these findings, it is observed in a human cohort
study that patients who consumed an adequate amount
of fiber without using probiotics exhibited the most
significant improvement in melanoma immunotherapy
compared to other groups (PFS not reached versus 13
months; response rate 82% versus 59%) [89].

Prebiotics and dietary fibers supplementation

Particular substances, such as dietary fibers and
prebiotics, can improve the efficacy of immunotherapy
by altering the gut microbiome. Prebiotics is “a substrate
that is selectively utilized by host microorganisms
conferring a health benefit” [90]. Diosgenin, which is
derived from yam, has prebiotic effects and can promote
the growth of lactic acid bacteria (such as Lactobacillus
murinus and Lactobacillus reuteri) in GI tracts [91].
In melanoma C57BL/6 mouse models, diosgenin
administration enhanced the efficacy of PD-1 antibody by
modulating intestinal microbiota and stimulating T-cell
responses [92]. Ginseng polysaccharides (GPs), the most
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essential components of traditional Chinese medicine
Panax ginseng, have potential prebiotic properties. A
recent study found that GPs improved the effect of
aPD-1 monoclonal antibody (mAb) by modulating
gut microbiome metabolites such as valeric acid and
L-kynurenine [49].

Dietary fibers, mainly found in plants, are indigestible
polysaccharides for humans. However, gut bacteria
can break them down through fermentation and
produce many useful products such as SCFA [93]. In
an observational study, the researchers discovered that
patients with melanoma who reported sufficient fiber
consumption responded to ICIs better than those who
reported a diet with insufficient-fiber [89]. Delayed
tumor outgrowth was also observed in melanoma mouse
models supplied with sufficient fibers, while this effect
did not arise in germ-free mice, indicating that this effect
of dietary fiber depended on gut microbiome [89]. Pectin,
a type of soluble fiber, can enhance the efficacy of PD-1
inhibitors by increasing T cell infiltration. Further study
found that the alteration of gut microbiome and butyrate
might play pivotal roles in mediating this ameliorative
effect [94].

FMT

FMT, which transfers gut microbiome from one
person to another, is a valuable treatment for recurrent
Clostridium difficile infection and has shown an effective
role in reconstructing and improving gut microbiome
and immune system [95, 96]. The advantage of FMT is
that the gut microbiome is intervened as a whole, which
can be used even when the mechanism is unclear. Lots of
preclinical research based on animal models has proved
the effectiveness of FMT in increasing the sensibility of
immunotherapy and turning the cancer models from
non-responders to responders [29, 65]. Routy et al
found that antibiotic-induced dysbiosis may reduce the
efficacy of ICIs in mice epithelial tumors, while FMT can
recover it [3]. FMT has also been proven to be effective
in addressing irAEs, as evidenced by the successful
treatment of two patients with refractory ICI-associated
colitis who experienced complete resolution of clinical
symptoms following FMT intervention [97].

Despite the benefits of FMT, mice models receiving gut
microbiome from humans have revealed a discrepancy
in immunotherapy responses between FMT donors and
recipients. The response mismatching group (1/3) showed
significantly different gut microbiota compositions
between the mice recipients and human donors, and the
binary Bray—Curtis dissimilarity index of mismatching
donor/recipient pair was high (0.7) compared with the
matching groups (0.5 to 0.6) [65]. A possible explanation
is that the FMT cannot always guarantee the accurate

Page 20 of 30

transfer of gut microbiome from donors to recipients,
so the gut microbiome may drift to a large degree in
recipients compared with donors. Different responders
may have different beneficial microorganisms, and
some favorable microorganisms may be challenging to
be transferred from donors to recipients due to some
reasons such as belonging to obligate anaerobes that
may die during the FMT process. Hence, it is crucial to
develop new methods or procedures for FMT that can
maximize the reconstitution of the gut microbiome in
recipients.

The response mismatches between donors and recipi-
ents were also found in human trials. Recently, two
clinical trials have evaluated the safety and efficacy of
transferring fecal microbiota from anti-PD-1 respond-
ers to non-responders [96, 98]. Davar et al. found that
among 15 melanoma patients who were resistant to
PD-1 inhibitors, six of them exhibited clinical benefits
after receiving FMT [98]. Among the six patients who
got benefits, three showed objective responses (ORs),
while the remaining three showed stable disease (SD)
for more than 12 months. Intriguingly, though there
are seven donors in total, all three recipients who
turned into responders received gut microbiome from
an identical donor [98]. In another phase one clinical
trial, the security and feasibility of FMT were dem-
onstrated in patients with metastatic melanoma [96].
Two patients who had received PD-1 inhibitors and
achieved complete response (CR) for at least 1 year
were selected as donors in this trial. Their gut micro-
biomes were separately transplanted to five recipients
who did not respond to anti-PD-1 therapy. Three of
the recipients achieved responses after FTM with only
mild adverse events, and all three responsive recipients
received gut microbiome from the same donor (donor
1). The gene sets analysis demonstrated that donor
1-group recipients upregulated some immune-related
gene sets (such as antigen-presenting cell (APC) activ-
ity, innate immunity, and IL-12) while donor 2-group
recipients did not [96]. Gopalakrishnan et al. analyzed
the fecal microbiome of melanoma patients undergo-
ing anti-PD-1 immunotherapy (n=43, responders:non-
responder =30:13). The patients were separated into
two distinct communities by unsupervised hierarchi-
cal clustering of crOTU abundances without the input
of response data. The first community is composed
entirely of responders, while the second community
consists of both responders and non-responders, sug-
gesting that some responders may share similar gut
microbiome features with non-responders [29]. These
results suggest that different mechanisms may underlie
patient response, either dependent on the gut micro-
biota or primarily driven by other factors (such as the
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expression of PD-L1). Thus, one possible hypothesis is
that only the responders relying on unique gut micro-
biome features different from non-responders would be
suitable and effective candidates for FMT donors.

In conclusion, the immunotherapy response in
recipients after FMT sometimes, but not always,
paralleled the clinical response of the donors. Though
limited by the sample size, these results still clued that the
donors (responders) of FMT should be selected carefully.
Therefore, we proposed that classification among the
responders according to the gut microbiome, as well as
the screening criteria of FMT donors, should be further
explored in the future.

Antibiotics usage

Antibiotics are frequently administered prior to or during
cancer immunotherapy, which can significantly alter
the gut microbiome and lead to dysbiosis characterized
by reduced bacterial diversity and altered composition
of the gut microbiota. Given the significant impact of
gut microbiota on cancer immunotherapy, exploring
the correlation between antibiotics and immunotherapy
efficacy is particularly intriguing. Most of the research
showed that antibiotic administration is harmful to
immunotherapy in different kinds of cancers, such as
melanoma, lung cancers, and renal cancers [99-103].
However, divergent perspectives were proposed in
liver cancer recently [104, 105]. The dual function of
antibiotics and the unique characteristics of liver cancer
in immunotherapy will be discussed in this section.

The harmful effect of antibiotics on inmunotherapy
The usage of antibiotics has been reported to be
associated with various cancer risks and metastasis [106].
The impaired efficacy and worse clinical outcomes of
immunotherapy caused by antibiotic use were found in
both animal models and patients. For example, a study
involving 249 patients with NSCLC, RCC, or urothelial
carcinoma found that those who took antibiotics from
2 months before to 1 month after the first dose of
immunotherapy had significantly shorter PFS (3.5 versus
4.1 months; p=0.017) and OS (11.5 versus 20.6 months;
P <0.001) compared to those who did not take antibiotics
[3]. In a study of advanced RCC patients treated with
Nivolumab, the use of antibiotics resulted in a reduction
of response rate from 28 to 9%, as well as decreased PFS
and OS. Furthermore, the over-represented species of
gut microbiota in the antibiotics-usage group changed
to Clostridium hathewayi and Erysipelotrichaceae
bacterium_2_2_44A, both of which were enriched among
non-responders in the cohort without antibiotic use [55].
The duration between antibiotic administration and
immunotherapy has an impact on the interference of
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antibiotics with immunotherapy. A cohort study (n=196)
revealed that prior use of antibiotics in NSCLC, mela-
noma, or other cancers was associated with poorer out-
comes of immunotherapy, while concurrent use did not
show such association. This highlights the importance of
considering the timing effect when using antibiotics in
conjunction with immunotherapy [99]. To confirm the
timing effect of antibiotic use, Derosa et al. compared
the impact of antibiotic usage within 30 days or 60 days
of starting ICIs in RCC or NSCLC patients. The study
revealed that while adverse effects caused by antibiotics
persisted in patients receiving antibiotics 60 days before
ICIs initiation, the extent of their impact was less severe
than those who took antibiotics within 30 days. These
differences may be attributed to the partial restoration
process of gut microbiota [22]. A similar phase 1 clinical
trial was conducted in patients with advanced cancers,
including RCC, NSCLC, melanoma, sarcoma, GI stro-
mal tumors. Patients who received antibiotics within 30
days before initiation of ICIs showed significantly worse
OS, while there was no difference in OS for those who
received antibiotics during ICI use or 30—60 days before
ICI [100]. In conclusion, the effect of antibiotic on immu-
notherapy are limited in a specific period before initialing
immunotherapy (neither earlier nor later than this time
frame will be effective). Possible explanations are that it
takes time for gut microbiota to modulate the immune
system after antibiotic administration and that the
altered gut microbiome can gradually recover over time.
Different types and dosages of antibiotics may have
varying impacts on the effectiveness of immunotherapy.
Ahmed et al. found that broad-spectrum antibiotics
were associated with a lower response rate and longer
response time, whereas narrow-spectrum antibiotics
did not affect the response rate [107]. In a retrospective
cohort study of 2737 cancer patients receiving
ICIs, exposure to fluoroquinolones was found to be
associated with OS, and a dose-response relationship
was observed, while no association was found between
exposure to penicillin or cephalosporin and OS [102].
In patients diagnosed with non-Hodgkin lymphoma
(NHL), exposure to different antibiotics, including “P-I-
M” (piperacillin/tazobactam, imipenem/cilastatin, and
meropenem) or cefepime within 4 weeks before chimeric
antigen receptor (CAR) T cell treatment, was found to
have varying effects on OS [66]. Specifically, individuals
exposed to P-I-M had a higher hazard ratio (HR=3.32)
than those who were not exposed while cefepime
exposure resulted in a lower HR (0.69) when compared
to the unexposed group. Moreover, P-I-M exposure was
linked to worse OS (HR=2.19) compared to exposure to
non-P-I-M antibiotics though shorter PFS did not reach a
statistical significance [66]. These results underlined the
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clinical significance of selecting appropriate antibiotics
for prospective recipients of immunotherapy. Antibiotic
exposure was associated with not only poor survival but
also immunotherapy toxicities.

In a retrospective B cell malignancies cohort (n=228),
antibiotics used within the 4 weeks before CAR T cell
infusion was significantly correlated with increased
incidence of neurotoxicity [immune effector cell-
associated neurotoxicity syndrome (ICANS)] and
worse survival outcomes characterized by shorter OS
(HR=1.71) in CD19-targeted CAR T cell therapy [66].
However, in further subgroup analysis, the association
between antibiotics and ICANS was observed in NHL
but not in ALL, indicating a potential cancer type
heterogeneity [66].

The beneficial effect of antibiotics on immunotherapy

Despite the extensive harmful effect of antibiotics on
immunotherapy in various types of cancers, things
seem different in liver cancers. In an international
cohort containing 450 HCC patients in 12 centers
from different continents, antibiotic exposure during
the early immunotherapy period (EIOP)—defined as
30 days before or after initiation ICIs—was found to
correlate with improved benefit from ICIs (better PFS,
as well as similar OS, response rate, and disease control
rates) [104]. Moreover, diverse outcomes were observed
among different immunotherapies and antibiotics. The
correlation between antibiotic exposure and higher
disease control rates as well as longer PFS was found in
patients restricted to PD-1/PD-L1 monotherapy [104].
A sub-group analysis was conducted on different classes
of antibiotics, including beta-lactams, quinolones, other
single-agent antibiotics, and antibiotic combinations.
Only patients receiving quinolones were reported to
have a significantly prolonged PFS [104]. Furthermore,
early exposure to antibiotics remained a significant
independent predictor of PFS in multivariable models
that accounted for the severity of chronic liver disease,
performance status, and HCC stage [104]. This finding
provides genuine pathophysiological evidence rather
than just an associative link between antibiotic use
and improved disease control during ICI therapy
[104]. Though the OS did not improve, there may
still be potential benefits of antibiotics on OS which
may be masked by death from liver decompensation
and worsening chronic liver disease [104]. The
potential beneficial effect of antibiotics in liver cancer
immunotherapy may come from the unique immunity
of liver. Liver is recognized to be a special organ with
immune privilege (also termed liver tolerance) [108, 109].
For example, the APCs in liver show immunosuppressive
action [97, 110]. Besides, prolonged exposure to
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antigens induced expression of immunosuppressive
checkpoint molecules and T cell exhaustion in liver
[111-113]. These immune tolerance processes may
be suppressed by the bacteria and antigen clearance
effect of antibiotics, which may play a synergistic role
with immunotherapy in anti-tumor therapy. Therefore,
manipulating gut microbiome via antibiotics may serve
as a novel approach to enhance immunotherapy for
liver cancer. However, there are still many challenges
before its clinical application. First, more evidence,
especially experimental ones, is needed to further verify
the effect of antibiotics on liver cancer, as most of the
current evidence is observational. Second, as mentioned
earlier, different types, dosage forms, and duration of
antibiotics will affect the therapeutic effect of antibiotics.
Determining when, where, and how these possible effects
could be utilized to enhance immunotherapy efficacy is
possibly an important concern in future studies. Third,
adverse events and antibiotic resistance from antibiotic
treatment could not be neglected, especially with the
long-term administration of broad-spectrum antibiotics
and antibiotic cocktails which may eliminate almost all
of the commensal microbiota [114]. To minimize toxicity
and reduce antibiotic resistance, selective antibiotics
targeting harmful bacteria or metabolism may be a better
alternative. Fourth, many patients with liver cancer
have liver dysfunction or need to use antibiotics due to
infection. In clinical practice, attention should be paid
to balance the relationship between antibiotics used to
increase the efficacy of immunotherapy and antibiotics
used for other reasons. That is, selective antibiotics of
less toxicity and less risk of gaining resistance, could be
considered to be potential agents in pre-immunotherapy
treatment.

In summary, the principle of manipulating gut micro-
biota to enhance the efficacy of immunotherapy can be
summarized as follows: when the functional microor-
ganisms or mechanisms are clearly defined, increasing
favorable microbes (i.e., through probiotics/prebiotics
supplementation) or reducing harmful microbes (i.e.,
through selective antibiotic usage) can be chosen. How-
ever, when the mechanisms are unclear, considering the
integrality of the gut microbiome (i.e., through FMT
or broad-spectrum antibiotic usage) should be taken
into account (Fig. 2B). Remarkably, although antibiotics
have harmful effects on immunotherapy for most can-
cer types, their application in liver cancer prevention
and immunotherapy enhancement has shown promis-
ing results [104, 114]. Table 4 summarizes clinical trials
regarding gut microbiome manipulation to enhance the
efficacy of immunotherapy. In conclusion, despite ongo-
ing challenges, there is considerable potential for using
gut microbiota in clinical practice.
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Further directions

Large sample size

Clinical studies with large sample sizes are required to
better illustrate the connection between the human gut
microbiota and the therapeutic effects of immunotherapy.
While general biomarkers or manipulation methods
may seem more attractive, more precise subgroup
analyses based on large sample sizes are necessary. Large
samples not only aid in obtaining consistent results
but also form the foundation for detailed analyses.
Biomarkers may be only suitable for certain cancer types,
immunotherapies, pathological patterns, or drug dosages
due to the heterogeneity of cancers and immunotherapy.
For instance, the level of PD-L1 expression showed a
predictive association with the benefits from Nivolumab
in nonsquamous NSCLC, but not in squamous-cell
NSCLC [18, 115]. The individual health states of patients
(such as the immune states), as well as other confounding
factors that may influence the gut microbiome of the
host, should also be considered. In addition, the response
could be classified into CR, partial response (PR), SD, and
progressive disease (PD) based on Response Evaluation
Criteria in Solid Tumors (RECIST) with sufficient
sample size, rather than being simply dichotomized into
responders (CR, PR, and SD) and non-responders (PD).
Although most clinical trials investigating the role of the
gut microbiome in immunotherapy involve no more than
100 patients (Tables 1, 2), several trials with large sample
sizes are currently underway. A large-scale, prospective
MITRE trial (NCT04107168) across three types of
cancers, including melanoma, renal cancer, and lung
cancer, intends to enroll 1800 participants (Table 3) [76].
Additionally, a multicenter, prospective, observational
study (trial registration number: UMIN000046428)
involving 400 lung cancer patients aims to identify gut
microbiome predictive biomarkers of immunotherapy
response using artificial intelligence and is scheduled to
be completed in 2024 [75].

Combination immunotherapy

In addition to monotherapy, immunotherapy can be
combined with other immunotherapy drugs or other
treatments to improve the antitumor response [111].
For example, the combination of atezolizumab and
bevacizumab has been approved as a first-line systemic
treatment for advanced liver cancer patients. Compared
with monotherapy, the objective response rate (ORR) has
almost doubled, although it remains at approximately
30% [6, 10, 12, 116, 117]. Nonetheless, there is no study
focusing specifically on gut microbiome biomarkers in
HCC patients treated with a combination of atezolizumab
and bevacizumab, to the best of our knowledge. It is
worth noting that as combination immunotherapy’s
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effectiveness increases, so do the frequency and severity
of irAEs [31]. Therefore, using the gut microbiome as a
biomarker to predict irAEs seems particularly important
in combination immunotherapy treatment.

New methods and standard

Currently, the most commonly used sequencing methods
for gut microbiome are 16S rRNA-seq and metagenomics.
To gain more information about the gut microbiome,
the metagenomics approach is recommended over 16S
rRNA-seq when there are sufficient funds. Multi-omics
methods (such as transcriptomics, proteomics, and
metabolomics) can also provide additional functional
information to clarify the function states of the gut
microbiome. The development of new methods is also
important. For example, imaging the microbiome may
offer unique information that can act as a marker to
predict clinical outcomes. It has been observed that
patients with advanced NSCLC who received ICIs
exhibited better outcomes and higher gut microbiome
diversity when PET/CT colon physiologic 18F-FDG
uptake was lower [118]. The information obtained from
the gut microbiome is vast and complex, hence proper
prediction models are equally vital as detection methods.
New analysis methods such as artificial intelligence are
displaying significant power in analyzing the relationship
between the gut microbiome and immunotherapy [54,
75]. Fang et al. established a prediction model trained
by random forest using metagenomic sequencing data
in NSCLC patients to predict whether a given patient
would benefit from ICIs [58]. Additionally, most studies
still use RECIST version 1.1 to distinguish responders
and non-responders (Tables 1, 2), which may not be
suitable for immunotherapy response assessment
due to the pseudoprogression. Instead, the iRECIST
may be recommended in future clinical studies.
Lastly, standardization of the methods is crucial for
achieving consistent results across trials, encompassing
standardizing the sequencing and analysis techniques,
database utilization, and response assessment criteria.

Multimodal model

Due to the intricacy of host-tumor immunological
interactions, a single biomarker may not be sufficient
to indicate the most appropriate course of treatment
[119]. Instead, a combination of biomarkers may be
required for a more accurate prediction of the efficacy
of immunotherapy. Vanguri et al. established a multi-
modal model using a machine-learning approach that
integrates radiological, histopathologic, and genomic
characteristics. This model showed superior predictive
capacity than single-modal measures in patients with
NSCLC [120]. In another study involving 7187 patients
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Fig. 4 Improved prediction and enhancement process of immunotherapy. To enhance the accuracy of immunotherapy prediction, a combination
of various markers, including the gut microbiome, is recommended. Firstly, patients who are most likely to benefit from immunotherapy should
be identified while those with specific mutations that hinder its efficacy should be excluded. Secondly, a multiparameter model can be utilized
to predict response rates in remaining patients. Manipulation of gut microbiota may serve as a potential intervention to rescue or further enhance

treatment outcomes for both non-responders and responders, respectively

across 21 cancer types, 36 variables associated with
anti-PD-1/PD-L1 therapy response were systematically
assessed, and the top three most predictive response
factors were identified, including CD8* T-cell abun-
dance (Spearman R=0.72; p<2.3X 10™), TMB
(Spearman R=0.68; p<6.2X 107™), and the fraction of
samples with high PD-1 gene expression (Spearman
R=0.68; p<6.9x107%) [121]. The combination of these
three variables improved prediction accuracy (Spear-
man R=0.90; p<4.1x107®) and can explain over 80%
of the variance of ORR among different cancer types
[121]. Despite its success, there have been no com-
bination biomarkers involving gut microbiome. We

proposed an improved prediction and enhancement
process that can take full advantage and maximize the
impact of different markers (Fig. 4). Firstly, exclude
patients with specific mutations, such as JAK1/2 muta-
tions or PD-L1 copy number loss, which may block
the effect of immunotherapy [122, 123]. Secondly,
select patients who are likely to benefit from immuno-
therapy, such as those with a high-level expression of
PD-L1 in certain types of cancers or having a high rela-
tive abundance of specific favorable bacteria. Thirdly, a
multiparameter model that integrates gut microbiome
biomarkers can be used to predict treatment responses
for the remaining patients. For patients who are pre-
dicted to have no response, manipulation of the gut
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microbiota by specific bacteria strain supplement,
FMT, or antibiotics usage can be employed to improve
the response rate, after which immunotherapy will
also be recommended. Patients who were predicted
to respond to immunotherapy may also be suitable
for gut microbiome manipulation to further enhance
the efficacy of immunotherapy. After this procedure,
only patients with gene defects who cannot benefit
from immunotherapy will be excluded. Finally, while
the relationship between antibiotics and immuno-
therapies has been observed, most of the available data
came from studies based on clinical information, and
the related studies are only in the initial stage. Thus,
to better evaluate the use of antibiotics in immuno-
therapy, additional experimental data are necessary to
elucidate the mechanisms and theories behind them in
the future.

Conclusions

In order to optimize the application of immunotherapy
in cancer treatment, it is necessary to identify suitable
patients via biomarkers and enhance the efficacy of
immunotherapy through various methods. As discussed
above, gut microbiota plays an important role in both
aspects. This review outlines the predictive features of
the gut microbiome, which include community structure,
taxonomic compositions, and functional factors. It is
also important to note that the characteristics of the
gut microbiome as immunotherapy biomarkers can
also be modified using manipulation techniques such
as increasing favorable microbes (e.g., probiotics/
prebiotics supplement), reducing harmful microbes
(e.g., selective antibiotics usage), and altering the
entire gut microbiome (e.g,, FMT or broad-spectrum
antibiotics usage). Additionally, when studying the
impact of gut microbiome on predicting and enhancing
immunotherapy response, it is essential to consider
the influence of other factors such as tumor and host
factors [65]. Lastly, we proposed several future directions
for the application of gut bacteria in immunotherapy,
including (i) larger sample size, (ii) new and standardized
methods, (iii) more precise and individualized designs,
(iv) combined use of different biomarkers, and (v) more
scientific experiments. In conclusion, despite ongoing
challenges, the potential for clinical use of gut microbiota
in immunotherapy is considerable.
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mAb Monoclonal antibody
MDSCs Myeloid-derived suppressor cells
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ORR Objective response rate
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oS Overall survival
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PD-1 Programmed cell death protein 1
PD-L1 Programmed cell death ligand 1
PFS Progression-free survival
PR Partial response
RCC Renal cell carcinoma
RECIST Response Evaluation Criteria in Solid Tumors
SCFAs Short-chain fatty acids
SD Stable disease
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TKI Tyrosine kinase inhibitor
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