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Abstract

In the past decade, a growing set of immunotherapies including immune checkpoint blockade, chimeric antigen receptor T
cells, and bispecific antibodies propelled the advancement of oncology therapeutics. Accumulating evidence demonstrates
that immunotherapy could eliminate tumors better than traditional chemotherapy or radiotherapy with lower risk of
adverse events in numerous cancer types. Unfortunately, a substantial proportion of patients eventually acquire resistance to
immunotherapy. By analyzing the differences between immunotherapy-sensitive and immunotherapy-resistant populations,
it was noticed that the composition of gut microbiota is closely related to treatment effect. Moreover, in xenograft models,
interventional regulation of gut microbiota could effectively enhance efficacy and relieve resistance during immunotherapy.
Thus, we believe that gut microbiota composition might be helpful to explain the heterogeneity of treatment effect, and
manipulating gut microbiota could be a promising adjuvant treatment for cancer immunotherapy. In this mini review, we
focus on the latest understanding of the cross-talk between gut microbiota and host immunity. Moreover, we highlight the
role of gut microbiota in cancer immunotherapy including immune checkpoint inhibitor and adoptive cell transfer.
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Introduction gut dysbiosis is regarded as an important risk factor promot-
ing tumor initiation and development.” Some specific bacte-
ria have been confirmed as carcinogens such as Helicobacter
pylori for gastric cancer and Salmonella typhi for biliary
cancer."*"® The carcinogenic role of H pylori is related to its
genotoxic effect, which further results in chronic inflamma-
tion and hyperactive proliferation signaling pathways in
mucosal cells."* Following long-term stimulation, H pylori
could induce malignant transformation in gastric epithelia
and mucosa-associated lymphoid tissues.'* Moreover, it has

The gut microbiota contains a large number of microorgan-
isms populating in gastrointestinal tract such as bacteria,
fungi, protozoa, virus, phages, and archaea.'? It is generally
believed that the gut flora consists of essential and opportu-
nistic bacteria.” The essential bacteria are beneficial to
humans and participate in fermenting undigested carbohy-
drates and endogenous mucus, synthesizing short-chain
fatty acids (SCFA) and vitamins, and defending against
infection by pathogens.*® On the contrary, overgrowth of
opportunistic bacteria could lead to infection.’ The imbal-
ance between essential and opportunistic bacteria results in
gut dysbiosis, which usually refers to the compositional and
functional alteration in microbiota driven by environmental
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been verified that gut microbiota closely associate with host
immunity.'*'” On the one hand, the gut microbiota partici-
pates in the development of the host immune system.'® On
the other hand, the composition of gut microbiota is modu-
lated by host immunity."

Accumulating evidence demonstrates that gut microbi-
ota could affect the therapeutic effect of multiple cancer
treatments including chemotherapy, radiotherapy, as well as
immunotherapy.””** The results of in vitro and in vivo stud-
ies showed that gut microbiota could regulate the efficacy
of chemotherapy by multiple approaches, including (1)
Translocation: bacteria cross chemotherapy-induced dam-
aged gut mucosal barrier and enter peripheral lymph nodes;
(2) Immunomodulation: gut microbiota promotes chemo-
therapy-related inflammation; (3) Metabolism and enzy-
matic degradation: gut microbiota could directly or
indirectly modify the structure of pharmaceuticals, which
might enhance or abrogate the efficacy of treatment and
introduce toxic compounds; (4) Reduced diversity: chemo-
therapy tends to reduce to the diversity of gut microbiota
and leads to the formation of pathogen-dominant gut flora
and higher risk of gastrointestinal reactions.”” However, the
exact mechanism by which gut microbiota modulates the
efficacy of immunotherapy is still unclear.

Benefiting from the development of sequencing technol-
ogy, it is now possible to analyze the composition of the
microbiota.”” Commonly, 16S rRNA and metagenomic
shotgun sequencing are adopted for taxonomic assignment.”*
Taxonomic identification by 16S rRNA is based on the
comparison between detection results and known database.
Therefore, with 16S rRNA sequencing, it is difficult to
identify unknown species.”® Compared with 16S rRNA
sequencing, metagenomic shotgun sequencing could
directly analyze the whole genomic context, which could be
used for taxonomic identification and function analysis.**
Moreover, more and more microbiome studies utilize long-
read sequencing that could overcome the limitations of
next-generation sequencing such as identifying structural
variants, repetitive regions, alleles, and highly homologous
genomic regions. Given the vital role of gut microbiota in
anticancer therapy, identifying efficacy-related bacteria
provide a novel perspective to counteract drug resistance
especially for immunotherapy.

The Cross-Talk Between Gut
Microbiota and the Host Immune
System

The cross-talk between gut microbiota and immunity is
complicated. Host immunity not only sustains tolerance to
symbiotic commensals and food antigens but also recog-
nizes opportunistic bacteria and defends against pathogen
infection.”” In the meantime, the influence of gut microbiota
on the host immune system is multifaceted, from localized

immune response to systemic innate or adaptive immunity.*
It was observed that mice that were bred and raised in a
sterile environment (germ-free mice) were prone to harbor
deficiencies in the development of gut-associated lymphoid
tissues especially Peyer’s patches (PP) and isolated lym-
phoid follicles.”® Besides, depleting gut microbiota by
broad-spectrum antibiotics inhibited murine bone marrow
hematopoiesis and decreased the abundance of hematopoi-
etic stem cells or multipotent progenitors.?’

Gut Mucosal Immune System

The gut mucosal immune system contains organized lym-
phoid tissues located in the gut mucosal epithelium, lamina
propria, and mesentery including PP, isolated lymphoid fol-
licles, and mesenteric lymph node.”®** Among them, the
mucus layer and mucosal epithelium comprise the physical
barrier of gut mucosal immunity.>' It is generally believed
that the mucus is mainly produced by goblet cells.’* During
mucus secretion, goblet cells in the small intestine can sense
and sample luminal content.*” In a manner that has not been
well studied, actively secreting goblet cells take up anti-
genic materials and deliver them to dendritic cells (DCs) in
lamina propria.”> Notably, the mucus contains abundant
antimicrobial peptides that effectively clear bacterial clones
on gut epithelium. As a part of intestinal innate immunity,
Paneth cells in the base of intestine crypts are main produc-
ers of antimicrobial peptides.” Decreased antimicrobial
peptides lead to elevated bacterial colonization and hyper-
active adaptive immune response.’* Mucosal epithelial cells
under the mucus layer not only directly isolate gut micro-
biota but also secrete cytokines and chemokines to regulate
the mucosal immune system.’’ In mucosal epithelium,
innate lymphoid cells (ILCs) play an important role in regu-
lating the magnitude of inflammation and maintaining
intestinal homeostasis.”’ By secreting interleukin (IL)-22,
ILCs promote healing during infection and counteract the
damaging effect of immune response.” In the meantime,
ILCs also stimulate the production of antimicrobial pep-
tides to kill gram-positive bacteria.*

Peyer’s patches are the core component of gut-associ-
ated lymphoid tissue and are distributed throughout the
small intestine.’’ Distinguished from peripheral lymph
organs, PP harbor some specialized structures.’’” Notably,
there are no afferent lymphatics in PP. Instead, PP are over-
lain by specialized microfold epithelial cells (termed M
cells), which constantly sample and deliver antigens from
the lumen into PP.** A host of DCs are enriched in the area
underneath M cells (subepithelial dome region), capturing
and presenting antigens from M cells.”® Apart from antigen
presentation, DCs in PP express retinol dehydrogenase that
promotes the production of retinoic acid.”® Retinoic acid
induces the homing of activated T or B cells to intestinal
lamina propria by upregulating gut-imprinting molecules
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such as CCR9 and integrin 047 on lymphocytes.**' Apart
from DCs in PP or isolated lymphoid follicles, it has been
detected that a subset of DCs populate the gut mucosal epi-
thelium, which are called “intraepithelial DCs.”*
Intraepithelial DCs are characterized by CX3CR1 expres-
sion and directly capture antigens from the intestinal lumen
by their transepithelial dendrites.”® After activation, DCs
traffic to mesenteric lymph nodes and induce the polariza-
tion of naive CD4" T cells toward inducible regulatory T
cells (iTreg) or Th1/Th17 cells.*® After education (a process
also known as imprinting, referring to how naive T cells
learn to express homing receptors for skin, gut, or other tis-
sues) in mesenteric lymph node, most newly generated
iTreg, Th17, and Thl cells home to the gut by the guidance
of gut-imprinting molecules, while a part of lymphocytes
circulate systemically.”*

The Regulatory Effect of Gut Microbiota on the
Gut Mucosal Immune System

The gut microbiota and its metabolites have a broad and
profound influence on multiple aspects of the host gut
mucosal immune system.' It has been reported that human
commensal Bacteroides fragilis could induce the differen-
tiation of CD4" naive T cell into Treg and enhance the
secretion of anti-inflammatory cytokines (eg, IL-10).* B
fragilis—induced intestinal immune tolerance is dependent
on polysaccharide A and toll-like receptor 2 signaling,
favoring to maintain gut homeostasis.*’ Similarly, Cebula
et al found that most colonic Treg cells belonged to thymus-
derived Tregs, which recognized the antigenic materials
from bacteria such as Clostridiales, Bacteroides, and
Lactobacillus.** Simultaneously, the colonic Treg cells
could maintain tolerance to these bacteria.*® It was notable
that antibiotic-mediated alteration in gut microbiota compo-
sition (mainly reducing the members of Clostridiales) sig-
nificantly decreased the abundance of colonic Treg cells
and changed the T cell receptor (TCR) repertoire of these
thymus-derived Tregs.*® Contrary to B fragilis, some com-
mensals modify gut immunity toward a pro-inflammatory
direction, such as commensal segmented filamentous bacte-
ria and adherent invasive Escherichia coli.*”™* Segmented
filamentous bacteria promote the development of Th17 and
induce the production of IL-17 in RORyt” CD4" T cells.™
Bacterial metabolites have been documented as a vital
regulator of gut immune response as well. SCFAs including
acetate, propionate, butyrate, and isobutyrate are end products
of the fermentation activity of intestinal microorganisms.”"*
A growing body of studies demonstrated that SCFAs enhanced
the generation and immune inhibitory capability by counter-
acting the effect of histone deacetylase and promoting acety-
lation of Foxp3 locus.® In addition, butyrate-mediated
inhibition of histone deacetylase could interfere with some
lipopolysaccharides-responsive signaling pathways in DC,

further enhancing the conversion from naive CD4" T toward a
Treg population.'

The Influence of Gut Microbiota on Host
Systemic Immunity

The binding between pathogen-associated molecular pat-
terns and pattern recognition receptors (eg, toll-like recep-
tors) together with bacteria-derived metabolites (eg, SCFAs)
influence the local immune response in gut.”> However, the
regulatory effect of gut microbiota is not just limited to the
localized mucosal immune system. Actually, gut microbiota
have a substantial effect on host systemic immunity via
cytokine secretion, cross-reactivation, lymphocyte homing,
and recirculation.”® By consistent antigen sampling of inter-
digitation of DCs and M cells, the stimulation of pathogen-
associated molecular patterns propel the maturation and
activation of DCs.” There are abundant draining lymph
nodes in the mesentery of the small intestine and colon
where the differentiation of naive CD4" T cells can be mod-
ulated by DCs.” Apart from inducing CD4" T cell differen-
tiation (especially toward Tregs and Th17 cells), DCs might
stimulate CD8" T cells in mesenteric lymph nodes.”
Moreover, a subset of activated DCs in the gut enter into
circulation and induce a broader immune response.”
Besides, as mentioned above, some primed lymphocytes in
mesenteric lymph nodes could subsequently enter the circu-
lation as well. Due to cross-reactivity, gut microbiota—spe-
cific lymphocytes recognize and attack distant tissues with
similar antigenic epitopes.”**> Moreover, cytokines afforded
by gut mucosal immune response might be secreted into cir-
culation and set immunological tone, promoting host immu-
nity to robustly respond to pathogens and to sustain the
tolerance to innocuous commensals.>®

Anticancer Immune Response and
Immunotherapy

During malignant transformation, accumulating mutations
increase the immunogenicity of tumor cell by generating
tumor-associated antigen or neoantigen.’”** In the condition
of intact immune surveillance, host immunity could recog-
nize and clear these immunogenic materials.” However, a
proportion of cancer cells could escape from immune elimi-
nation via various manners such as losing immunogenic
antigens, dysregulating antigen presentation machinery,
activating immune checkpoint signaling pathway, recruiting
pro-tumor immune cells, and transforming growth factor 3
signaling-mediated exclusion of CD8" T cells by the tumor
parenchyma.®""®® As a result, antitumor immune response is
impaired and tumor cells proliferate uncontrollably.**
Immunotherapy is aimed at restoring robust immune sur-
veillance through regulating the balance between immuno-
supportive factors and immunosuppressive factors.”” The
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efficacy of immunotherapy could be affected by various
determinants such as antigen presentation, T cell priming
and activation, T cell trafficking and infiltration, as well as
cytotoxicity activity of tumor infiltrating lymphocytes
(TILs).%*® Therefore, interventions affecting any pro-
cesses of the cancer-immunity cycle could influence the effi-
cacy of immunotherapy.

Immune Checkpoint Inhibitor

The activation of tumor-specific T cells needs 2 steps.
First, TCR selectively binds to major histocompatibility
complex I with anchored antigen peptides.®” Then, syner-
gizing with co-stimulatory signals such as CD28, ICOS,
and OX40, the activation signal of TCR/CD3 complex is
further amplified and ultimately leads to the priming and
activation of T cell.*” Contrarily, co-inhibitory signals (also
known as immune checkpoints) including programmed
cell death-1 (PD-1), cytotoxic T-lymphocyte—associated
protein 4 (CTLA-4), T cell immunoglobulin domain and
mucin domain-3 (TIM-3), and lymphocyte activation
gene-3 (LAG-3) undermine T cell activation by intracellu-
lar immunoreceptor tyrosine—based inhibition motif (ITIM)
to counteract TCR/CD3- or CD28-mediated tyrosine phos-
phorylation (Figure 1).”7* Cancer cells tend to upregulate
the activity of co-inhibitory signaling pathways to escape
immune surveillance.””’* Immune checkpoint inhibitors
(ICIs) alleviate immune tolerance to tumor antigens and
reinvigorate the antitumor response. Anti-PD-1/PD-L1 and
anti-CTLA-4 have been successfully applied in multiple
cancers.” ™ Nevertheless, there is a great potential to
enhance the anticancer effect of ICI.

Adoptive Cell Transfer

The therapeutic effect of ICI is highly dependent on preex-
isting tumor-specific immune cells.*® However, for some
poorly immunogenic cancers, it is hard to eradicate cancer
cells via ICI. In the context of an immune ignorant microen-
vironment, the injection of tumor-specific immune cells
might be a reasonable strategy.®' Generally, adoptive cell
transfer (ACT) could be deployed by 2 approaches: (1)
expanding TILs in vitro, then reinfusing obtained TILs into
patients; (2) isolating T cells from patients’ peripheral
blood, genetically modifying T cells to express chimeric
antigen receptor or specific TCR.¥® ACT especially
CAR-T exhibits potent anticancer effect in multiple hema-
tological malignancies.**® However, the efficacy of ACT is
limited to solid tumors, which is mainly attributed to unfa-
vorable cytokine milieu, dysregulated Treg/T effector cell
ratio, limited immune cell trafficking, as well as antigen
heterogeneity.” Interventions modulating the immune
microenvironment and expanding T cell clones would be

helpful to overcome the obstacles to ACT application in
solid tumors. "

Gut Microbiota Modulates the Efficacy
of Immunotherapy

The gut microbiota possesses a broad range of regulatory
effects on multiple immune effectors including the matura-
tion of DCs, the differentiation of T cells, as well as the secre-
tion of cytokines, which might regulate anticancer immunity
(Figure 2).>°! A series of studies indicated that gut microbi-
ota composition is closely associated with the efficacy of
cancer immunotherapy (summarized in Table 1).”!

The Role of Gut Microbiota in Anti-PD-1/PD-L1
Treatment

Anti-PD-1/PD-L1 treatment blocks the negative signal
transduced by intracellular domains of PD-1 (ITIM and
ITSM).”” PD-1/PD-L1 blockade not only promotes TCR/
CD3- or CD28-mediated T cell activation but also enhances
T cell survival and proliferation via upregulating Ras-Raf-
MAPK and PI3K-AKT signaling pathways.”>** Anti-PD-1/
PD-L1 therapy has been approved for multiple types of can-
cers such as melanoma, non—small cell lung cancer, and
kidney cell cancer.”*® It has been verified that biomarkers
including PD-L1 expression level, TIL status, and mismatch
repair system deficiency highly correlate with the treatment
effect of anti-PD-1/PD-L1.° Besides these factors men-
tioned above, the gut microbiota contributes to the hetero-
geneity of therapeutic reaction as well.”'

As early as 2015, Sivan et al noticed that the abundance of
some special commensal bacteria was related to anti-PD-1
treatment effect in a mouse model.” Researchers compared
the efficacy of anti-PD-1 treatment in genetically similar
mice (C57BL/6) from 2 different facilities (JAX and TAC)
that harbored significantly different gut microbiota.”” The
results showed that tumors grew more slowly and were more
sensitive to anti-PD-1 therapy in JAX populations. This dif-
ference was attributed to enhanced antitumor immunity in
JAX that could be transferred to TAC mice by cohousing or
transplanting JAX fecal suspension to TAC.” Based on the
16S rRNA sequencing technique, it was detected that mark-
edly increased abundance of Bifidobacterium in JAX primar-
ily led to elevated levels of TIL and better treatment response
to anti-PD-1 therapy.” Administration of commercially
available Bifidobacterium including Bifidobacterium breve
and Bifidobacterium longum significantly promoted tumor
control especially combined with anti-PD-1 treatment.”” To
interrogate the mechanism by which Bifidobacterium admin-
istration synergized with anti-PD-1 treatment, researchers
monitored the abundance and function of tumor antigen—
specific CD8" T cell.”” It was observed that Bifidobacterium
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Figure |. The regulatory function of immune checkpoints. (A) The role of CTLA-4 in the priming and activation of naive T cells.

The activation of T cells is driven by stimulatory signals of TCR/CD3 complex and CD28. CTLA-4 could competitively antagonize co-
stimulatory signal of CD28-B7 pathway and subsequently inhibits the T cells activation. (B) PD-1/PD-LI signaling pathway. PD-1/PD-LI
signaling pathway to counteract CD3- or CD28-mediated tyrosine phosphorylation by ITIM and ITSM. Besides, PD-I could disturb T
cell proliferation and survival by inhibiting PI3K-AKT and Ras-Raf-MEK-ERK pathway.

Abbreviations: APC, antigen presentation cell; CTLA-4, cytotoxic T-lymphocyte—associated protein 4; ITIM, intracellular immunoreceptor tyrosine—
based inhibition motif; ITSM, immunoreceptor tyrosine—based switch motif; MHC, major histocompatibility complex; PD-1, programmed cell death-1;

TCR, T cell receptor.

remarkably upregulated the level of tumor-specific CDS™ T
cell and interferon (IFN)-y secretion.”” In addition, in an in
vitro experiment, DCs obtained from TAC receiving
Bifidobacterium treatment showed improved capability to
induce T cell priming and activation.”

Motivated by the encouraging finding in mouse models,
a series of studies were deployed to explore the relationship
between gut microbiota and anti-PD-1 treatment in cancer
patients. Gopalakrishnan et al analyzed gut microbiota of
melanoma patients undergoing anti-PD-1 treatment.'® The
results demonstrated that gut microbial diversity was higher

in responders, and the a-diversity (parameter reflecting
bacterial community richness and evenness) of fecal sam-
ples was positively correlated to progression-free survival
(PFS) time.'” Further analysis indicated that the level of
Faecalibacterium (belonging to the Ruminococcaceae fam-
ily, Clostridiales order) was higher in responders while
Anaerotruncus colihominis, Bacteroides thetaiotaomicron
(belonging to Bacteroidales order), and Escherichia coli
were significantly enriched in nonresponders.'® In addi-
tion, it was found that the abundance of Faecalibacterium is
positively correlated with the level of CD8" TIL (R* = 0.42,
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Figure 2. Gut microbiota and anticancer immunotherapy. APCs capture and recognize dead tumor cell-derived antigens. Then, in
peripheral lymphatic organs, APCs present possessed antigens and activate naive T cells. Primed T cells migrate and infiltrate into
tumor. After recognition of tumor antigen, activated T cells kill tumor cells. Factors interfering any producer of anticancer-immunity
cycle could result in cancer immune escape. Generally, anti-PD-1/PD-L| treatment mainly enhance tumor-killing activity; anti-CTLA-4
primarily promotes the priming and activation of T cells; and adoptive cell transfer mainly induces T cell clones recognizing tumor
cells. Gut microbiota could affect anticancer immunotherapy by multiple manners. Gut microbiota—derived antigens could regulate
the development and function of DC in gut, which further influences gut mucosa immunity. Induced immune response such as Thl-
skweing immunity, Th17 polarization, Treg differentiation, and cytokines secretion could enter into circulation and influence the effect

of systemic anticancer immunotherapy.

Abbreviations: ACT, adoptive cell transfer; APC, antigen presentation cell; a-CTLA-4, anti-cytotoxic T-lymphocyte—associated protein 4; a-PD-1, anti-

programmed cell death-1; DC, dendritic cell; Treg, regulatory T cell.

P <.01)."” The immune cell detection in circulation showed
that increased gut Faecalibacterium accompanied elevated
CD4" or CD8" T cells.'™ Conversely, the level of systemic
Bacteroidales positively related to the quantity of myeloid-
derived suppressor cells and Tregs.'™ Confirmed by fecal
transplantation experiments in the mouse model, therapeu-
tic benefit afforded by favorable bacteria was attributed to
promoting the formation of hot tumor (according to the sta-
tus of TILs, tumors can be classified as hot/T cell inflamed
or cold/T cell non-inflamed tumors) via increasing local
effector immune cells and decreasing suppressive immune
cells.'”

Similarly, Matson et al noticed the influence of gut micro-
biota on the efficacy of anti-PD-1 treatment in metastatic
melanoma patients.'’' Based on an integrative identification
method (including 16S rRNA sequencing, metagenomics
shotgun sequencing, and species-specific quantitative poly-
merase chain reaction), researchers observed that some bac-
teria such as Bifidobacterium adolescentis, B longum,
Collinsella aerofaciens, Enterococcus faecium, Klebsiella
pneumoniae, Lactobacillus species, Parabacteroides mer-
dae, and Veillonella parvula were significantly enriched in
responders, while Ruminococcus obeum and Roseburia
intestinalis were remarkably abundant in nonresponders.'”!
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Tablel. Regulatory Effect of Gut Microbiota on Cancer Immunotherapy.

Influence on
Bacterium Regulatory Effect on Immunity Immunotherapy Author
Bifidobacterium Enhancing the function of DC Enhancing PD-1 blockade  Sivan et al”
Upregulating tumor-specific CD8" T effect
Increasing pro-inflammatory cytokine
Faecalibacterium Increasing CD4" and CD8" T in circulation and ~ Enhancing PD-1 blockade ~ Gopalakrishnan
in tumor effect etal'®
Bacteroidales Upregulating systemic MDSC and Treg Impeding PD-| blockade  Gopalakrishnan
effect etal'®
A group of bacteria including Elevating the secretion of IFN-y Enhancing PD-1 blockade ~ Matson et al'®'
Biﬁdobacterium adolescentis, Increasing CD8" tumor infiltrating T effect
Bifidobacterium longum, and so on.
Ruminococcus obeum and Roseburia Enriched in patients resistant to anti-PD- | Impeding PD-1 blockade ~ Matson et al'®'
intestinalis treatment effect
Akkermansia muciniphila Increasing CXCR3*CCR9'CD4" T cell Enhancing PD-1 blockade ~ Routy et al'®
Enhancing ability of DC and production of IL12 effect
Bacteroides fragilis Inducing Thl immune response and DC Enhancing CTLA-4 Vétizou et al'®
maturation blockade
Faecalibacterium Promoting development of Treg Enhancing CTLA-4 Chaput et al'™
Upregulating ICOS expression of T cells; blockade
Bacteroides Leading to baseline systemic inflammation Impeding CTLA-4 Chaput et al'®

Some species of Bacteroidetes Decreasing DC and IL-12

Inducing the formation of cold tumor

blockade effect
Impeding ACT effect Uribe-Herranz

etal'®

Abbreviations: ACT, adoptive cell transfer; CTLA-4, cytotoxic T-lymphocyte—associated protein 4; DC, dendritic cell; ICOS, inducible T cell co-
stimulator; MDSC, myeloid-derived suppressor cell; PD-1, programmed cell death-1; Treg, regulatory T cell.

Moreover, germ-free mice gavaged with fecal materials
from responders had a markedly increased level of CD8"
TIL and secretion of IFN-y, promoting the formation of an
immunosupportive microenvironment.'"'

Around the same time, Routy et al reported the role of
gut microbiota in anti-PD-1 treatment resistance.'”
Researchers found that for cancer patients receiving anti-
PD-1 treatment, additional oral antibiotic treatment (within
2 months before or 1 month after the start of anti-PD-1
treatment) significantly shortened overall survival (OS) and
PFS time.'" To investigate the relationship between antibi-
otic-induced dysbiosis and impaired therapeutic effect,
researchers compared the gut microbiota composition
between responders and nonresponders.'”> Among all bac-
teria overrepresented in responders, Akkermansia muciniph-
ila was most significantly related to patients’ response rate
(P = .007)."” Besides, immune reactivity of Tcl or Thl
against A muciniphila correlated with improved survival
data (P = .032).'” By fecal transplantation and antibiotics
treatment in mice, researchers interrogated the influence of
gut microbiota and oral antibiotic-induced dysbiosis on
anti-PD-1 treatment effect.'” It was observed that mice
receiving fecal transplantation from responders reacted bet-
ter to PD-1 blockade with increased CXCL3"CD4" TILs,
while mice receiving fecal transplantation from nonre-
sponders, in germ-free status, or undergoing antibiotic

treatment were resistant to PD-1 blockade.'” Notably, the
PD-1 resistance in germ-free or antibiotics-treated mice
could be rescued by recolonization of 4 muciniphila and
Enterococcus hirae.'” Further exploration showed that
accumulated CXCR3'CCR9'CD4" T cells and DC-IL-12
axis—mediated Thl-skewing priming might contribute to
the enhanced therapeutic response to PD-1 blockade.'"

The Effect of Gut Commensals on Anti-CTLA-4
Treatment

CTLA-4 blockade treatment mainly restores the activity of
co-stimulatory  signaling pathway (CD28-CD80/86)
hijacked by CTLA-4. Exploring factors modulating anti-
CTLA-4 treatment effect is helpful to enhance treatment
response and relieve drug resistance. Vétizou et al found
that some special gut bacteria supplements could enhance
the effect of CTLA-4 blockade.'” Researchers noticed that
broad-spectrum antibiotic treatment abrogated the antitu-
mor effect of CTLA-4 blockade. Additionally, anti-CTLA-4
antibody could not effectively inhibit tumor progression in
germ-free mice indicating that gut microbiota might partici-
pate in anti-CTLA-4 treatment.'” Recolonization of
Bacteroides thetaiotaomicron, B fragilis, or Burkholderia
cepacia in germ-free or antibiotic-treated mice rescued
CTLA-4 blockade resistance.'” Further detection showed
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that oral gavage of B fragilis induced Th1 immune response
and DC maturation in tumor-draining lymph node.'®
Besides, adoptive B fragilis—specific Th1 cell transfer could
partially restore sensitivity to CTLA-4 blockade in germ-
free or antibiotic-treated mice.'” Apart from the enhanced
CTLA-4 blockade effect, the recolonization of B fragilis
and Burkholderia cepacia could alleviate treatment-induced
colitis.'”

Later in 2017, Chaput et al verified the regulatory effect
of gut microbiota on CTLA-4 blockade in metastatic mela-
noma patients.'” In the recruited patients, baseline micro-
biota composition could herald prognostic status after
undergoing CTLA-4 blockade treatment.'* Overrepresented
Bacteroides at baseline predicted poor outcomes (P = .034),
while increased Faecalibacterium at baseline indicated
long-term benefits (P = .0092).""* Besides, all patients with
survival time longer than 18 months could be screened out
by gut microbiota composition harboring overrepresented
Ruminococcus and Lachnospiraceae genus (belonging to
the Firmicutes phylum).' Contrary to the observations
mentioned above, baseline antibiotic treatment could not
disturb the composition of gut microbiota.'® Then, cluster-
ing analysis indicated that patients with gut microbiota con-
taining Faecalibacterium or other bacteria belonging to the
Firmicutes phylum (eg, unclassified Ruminococcaceae,
Clostridium XIVa, and Blautia) tended to possess better
clinical outcomes (PES: P = .039; OS: P =.051)."" In line
with enhanced CTLA-4 blockade effect, patients with over-
represented Faecalibacterium or other Firmicutes had
increased risk of treatment-induced colitis, especially com-
pared with patients with Bacteroides-dominant gut micro-
biota.'™ To interrogate the mechanisms by which
Faecalibacterium-dominant gut microbiota composition
increased CTLA-4 blockade effect and corresponding
adverse events, researchers monitored immune status—
related parameters.'® It was found that patients with
Faecalibacterium-dominant gut microbiota had lower
CD47/CD8" T cells and systemic proinflammatory cytokine
levels at baseline, as well as higher ICOS expression on
CD4" T after the start of anti-CTLA-4 treatment.'™
Presumably, Faecalibacterium and other Firmicutes con-
tributed to decreased systemic inflammation by inducing
the development of Treg at baseline.'™ However, as the pri-
mary target of anti-CTLA-4 treatment, increased Treg level
endowed patients with elevated sensitivity to CTLA-4
blockade as well as decreased risk of treatment-induced
colitis.'™

Manipulating Gut Microbiota to Enhance Effect
of ACT

The therapeutic effect of ACT is limited by peripheral toler-
ance and immune escape in the tumor microenvironment.'**

Uribe-Herranz et al found that manipulating the composi-
tion of gut microbiota could modulate the effect of ACT.'®
Researchers found that the treatment effect of ACT was dif-
ferent in genetically similar mice (C57BL/6) from 2 ven-
dors (JAX and HAR). The 16S rRNA gene sequencing of
stool samples distinguished gut microbiota composition
between JAX and HAR: Bacteroidales S24-7 dominant
commensals in JAX while a wide range of bacteria belong-
ing to the Bacteroidetes phylum in HAR.'” After vancomy-
cin treatment, bacteria belonging to the Bacteroidetes
phylum were eliminated in JAX and HAR.'® Vancomycin
treatment did not change the effect of ACT in JAX.'®
However, this antibiotic intervention significantly enhanced
the efficacy of ACT in HAR to an extent similar to the treat-
ment effect in JAX.'” Besides, additional vancomycin
administration remarkably increased the abundance and
activity of tumor-specific TIL.'” This transformation to hot
tumor was attributed to accumulated CD8c.” DC and IL-12
in peripheral circulation, as well as concurrent enhanced
Th1-skewed immune response.'®

Putative Mechanisms by Which the Gut
Microbiota May Regulate the Effect of
Anticancer Immunotherapy

Anticancer immunity is described by a model called the
cancer-immunity cycle. Tumor-derived antigens initiate the
immune response.®” After capture and presentation of anti-
gen presentation cells, naive T cells are primed and acti-
vated in peripheral lymphatic organs.®® Then, primed T cells
migrate and infiltrate the tumor bed.*® Following the recog-
nition of tumor antigens, activated T cells kill tumor cells.*
During tumor initiation and progression, one or more steps
in cancer-immunity cycle are impaired.®® Anticancer immu-
notherapy is developed to unleash the exhausted T cells and
restore anticancer immune response.'’® Based on the can-
cer-immunity cycle, immunotherapy could compensate for
one or multiple undermined anticancer immune procedures.
However, as a cascade reaction, the actual effect of immu-
notherapy is limited by its upstream or downstream factors
such as systemic cytokine repertoire, the cross-presentation
of antigen presentation cell, as well as the inhibitory com-
ponents in the tumor immune microenvironment.'”” Gut
microbiota could regulate a broad range of immune effec-
tors, especially DC. As the core of antigen presentation and
T cell activation, the function of DC is the determinant of
immune surveillance and immune clearance. Some bacteria
such as Bifidobacterium could enhance the function of DC
by promoting DC maturation, upregulating cytokine secre-
tion, stimulating DC-IL-12-Th1-skewing immune response,
as well as facilitating the activation and survival of tumor-
specific T cells.”” The cross-talk between gut microbiota
and DC in PP not only induces local immune response in
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gut mucosa but also regulates systemic immune response
by the peripheral circulation.”® Locally generated cytokines
and active DCs enter into circulation that could provide a
favorable immune tone and synergize with concurrent anti-
cancer immunotherapy.”>®' Besides this nonspecific
immune augmentation, partial bacteria antigen—loaded DCs
might lead to molecular mimicry and eliminate tumor cells
sharing similar antigen repertoire with gut microbiota.’’

Clinical Application of Gut Microbiota
in Immunotherapy

Motivated by the encouraging results of preclinical studies,
multiple clinical trials investigating the influence of gut
microbiota on immune cancer efficacy are ongoing. In
2019, Jin et al reported the data from non—small cell lung
cancer patients undergoing nivolumab therapy (patients
were enrolled from CheckMate 078 and CheckMate 870
studies).'”™ By analyzing the fecal samples of patients
before and after anti-PD-1 therapy via 16S rRNA gene
sequencing, researchers found that patients with higher
diversity of gut microbiota possessed prolonged PFS com-
pared with ones with lower diversity of gut microbiota.'®®
Moreover, patients responding to nivolumab therapy pos-
sessed higher diversity of gut microbiota at baseline, which
sustained  stable composition during treatment.'®®
Composition difference analysis between responder group
and nonresponder group showed that bacteria such as
Alistipes putredinis, B longum, and Prevotella copri were
significantly enriched in responders, while unclassified
Ruminococcus were enriched in nonresponders.'® Besides,
given that antibiotics could reshape the composition of gut
microbiota that further interferes the effect of immunother-
apy, the relationship between antibiotic-associated dysbio-
sis and immunotherapy is another hot topic.'” Elkrief et al
found that antibiotic treatment before immunotherapy such
as anti-PD-1/PD-L1 and anti-CTLA-4 was an independent
risk factor for worse PFS (hazard ratio = 0.32, 95% confi-
dence interval = 0.13-0.83, P = .02).'” Patients receiving
antibiotic treatment prior to immunotherapy exhibited
lower possibility to effectively respond to immunotherapy
(objective response rate of antibiotic group vs control group
= 0% vs 34%) and improved prognosis (PFS of antibiotic
group vs control group = 0.28, 95% confidence interval =
0.10-0.76, P = .01).'”

Apart from utilizing gut microbiota to predict the effi-
cacy of immunotherapy, some clinical studies focused on
how to modulate the composition of gut microbiota to
overcome anti-PD-1/PD-L]1 resistance. NCT03341143 is a
single-center phase 2 trial interrogating the efficacy of
fecal microbiota transplant (FMT) plus pembrolizumab in
melanoma patients resistant to anti-PD-1 therapy."'" In
this phase 2 trial, FMT was conducted as following proce-
dures: collecting stool from tested donors, mixing with

saline or other solutions, then straining and infusing into
colon by colonoscopy.''” NCT03341143 is ongoing, and
the results of this study have not been reported.'”
Meanwhile, NCT03595683 (phase 2 trial) evaluated the
treatment effect of pembrolizumab with additional
EDP1503 (an orally delivered monoclonal microbiota
product).'" In this trial, 70 melanoma patients were
involved and received pembrolizumab treatment (200
mg/3 weeks) and concurrent EDP1503 (>15 x 10'° col-
ony-forming units/day).""" Moreover, the treatment effect
of combination therapy of other additional oral microbi-
ome interventions such as SER-401 (NCT03817125) and
ICI are under investigation.'"

Although a myriad of preclinical studies demonstrated
that gut microbiota regulated host systemic immune
response, modulated immunotherapy efficacy, and
affected treatment-induced adverse effects, the regulatory
function of certain commensal bacteria still needs further
investigation, especially for the extrapolation from the
mouse model to humans. The results of these ongoing
studies might provide more stable evidence to support the
feasibility of enhancing immunotherapy effect by modu-
lating gut microbiota composition. However, it is notable
that original gut mucosa commensals interfere with the
colonization of supplemental probiotics.'”® The extent of
resistance to probiotics colonization is heterogeneous
among populations and could be influenced by baseline
commensal status.'"® Therefore, patient’s commensal
background should be taken into consideration for manip-
ulating gut microbiota by interventions such as fecal
transplantation. Notably, in 2019, it has been reported that
2 patients receiving FMT treatment developed invasive
infections caused by multidrug-resistant organisms and
one of the patients died. It is necessary to keep alert to
FMT therapy—induced adverse events in further clinical
investigation.

Conclusion

Gut microbiota has a substantial influence on host immune
response and modulates multiple steps of cancer-immunity
cycle including antigen presentation, T cell priming, and
activation. Manipulating gut microbiota to induce the for-
mation of systemically immunologic tone is helpful to
enhance effect and overcome resistance in immunotherapy.
Identifying favorable bacteria and exploring feasible
approaches to manipulating gut microbiota would be mean-
ingful to cancer immunotherapy.
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