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Abstract

The gastrointestinal tract greatly contributes to global cancer burden and cancer-related deaths.
The microbiota represents the population of microorganisms that live in and around the body,
located primarily in the gastrointestinal tract. The microbiota has been implicated in colorectal
cancer development and progression, but its role in cancer therapy for the gastrointestinal tract
is less defined, especially for extra-intestinal cancers. In this review, we discuss the past 5 years
of research into microbial involvement in immune-related therapies for colorectal, pancreatic,
hepatic, and gastric cancers, with the goal of highlighting recent advances and new areas for
investigation in this field.
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Introduction

Cancers of the gastrointestinal (Gl) tract make up 26% of the global cancer burden and 35%
of cancer-related deaths.! Recent advances in immunotherapies have led to unprecedented
survival rates among select cancer types, like melanoma and non-small-cell lung cancer,
but less so in GI cancers.? The Food and Drug Administration has granted approval for the
use of immune checkpoint inhibition (ICI) in colorectal cancer (CRC) with both mismatch
repair deficiency and high microsatellite instability (MSI-H), but these cases represent

only 15% of CRCs.2 For those with low microsatellite instability, there has been no
demonstrated clinical benefit for ICI intervention. And although ICI has also been approved
for hepatic and gastric cancers (GC),3 there is no clinical benefit for pancreatic cancer,

even with MSI-H status.# There is a significant need to advance immunotherapy response
in the clinic for these cancers, by improving biomarkers of responsiveness and improving
existing immunotherapies. Of recent interest to human health and disease is the microbiota,
which is the population of microorganisms including bacteria, viruses, fungi, and archaea
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that populate our body. The composition and interactions among this microbial network

are complex and influenced by several intrinsic and extrinsic factors such as genetics,
inflammation, stress, and diet to name a few.> Remarkably, these microorganisms have been
associated with cancer prevention or progression through a number of mechanisms including
production of toxins, metabolites, structural molecules (adhesins, flagellin, and membrane
derivatives), and nucleic acids.® Although great progress has been made in deciphering
mechanisms by which microorganisms, especially bacteria modulate cancer development,
limited progress has been made on the impact of microorganisms on immune-based
therapeutics for GI cancers. The importance of microbiota in ICI responsiveness has been
elegantly demonstrated in a trio of paper published in 2018.7-9 These studies demonstrated
that responsiveness to PD-1 immune checkpoint blockade is associated with enrichment

of three nonoverlapping bacterial strains Faecalibacterium prausnitzii, Bifidobacterium
longum, and Akkermansia muciniphilain the intestinal microbiota of patients with either
advanced melanoma and non-small-cell lung cancer.”-2 These studies provided the rationale
for two recent clinical trials that showed that fecal microbiota transplant from melanoma
patients that responded to anti-PD-1 therapy into nonresponding patients can overcome their
therapeutic resistance.1911 However, in a meta-analysis of the three landmark studies, it was
found that microbial gene content was a more effective predictor of patient response than
relative abundance alone, indicating that the mechanisms behind bacterial-driven response
are more complex than previously thought.12 These fascinating findings generated high
interest in investigating the relationship between microbiota and immunotherapy for Gl
cancer management. This review focuses on recent advance (past 5 years) in this field of
research by discussing literature covering colorectal, pancreatic, hepatic, and GC.

cancer

Colorectal cancers (CRC) are globally the third most common cancer and the second leading
cause of death by cancer.! Interestingly, although rates of CRC in older adults in the United
States have declined in recent years due to improved screening and awareness, rates in
younger adults have begun to rise, which may be attributed to the higher incidence of
obesity and other diet and lifestyle trends in the western hemisphere.13 Current standard-
of-care treatments for CRC include chemotherapy (oxaliplatin, 5-FU, cyclophosphamide,
and irinotecan),14 although immunotherapies targeting the host immune system to mount a
targeted anticancer response are emerging. In this section, we will discuss new associations
between the human gut microbiome, immunity, and CRC, including findings about drug
interactions and how microbes modulate anticancer therapies.

New links between gut microbiome, immunity and colorectal cancer therapies.

Combination therapy with either two immunotherapies or immune-related therapy and
chemotherapy has made progress in the clinic with improvement of CRC patient
survival.12:16 However, these therapeutic modalities associate with greater frequency of
side effects such as fatigue, diarrhea, colitis, and other adverse immune-related events.16:17
Therefore, identifying therapeutic responders versus nonresponders has the potential to
alleviate toxicity and improve treatment. A retrospective cohort study of 39 CRC patients
treated with either chemotherapy alone (n7=19) or chemotherapy and adoptive cellular
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therapy (n = 20) found that responders to combined therapy had greater diversity of plasma
circulating microbiota, and a higher relative abundance of Bifidobacterium, Lactobacillus,
and Enterococcus at baseline (pretreatment) as measured by 16S rDNA sequencing.18
Higher overall survival was also associated with an increased relative abundance of
Lactobacillus8 In another study, ileal crypt apoptosis was found to be associated with
better prognosis in patients with CRC who had been treated with oxaliplatin (OXA), and
that this was accompanied by an increase in Erysipelotrichaceae relative abundance, and a
decrease in Fusobacteriaceae® Using an MC38 mouse allograft model, the authors found
that antibiotic depletion reduced the antitumor effect of OXA and that fecal microbiota
transplant from a subset of patients with CRC also induced treatment resistance.1® The
nonresponding patient biota was associated with the presence of Paraprevotella clara, while
responding biota was enriched in Bacteroides fragilis.*® The ileal microbiota was also found
to act as an adjuvant in helping efficacy of PD-1 blockade in models using MC38 or

CT26 allografts, where B. fragilis and Erysipelatoclostridium ramosum improved OXA +
anti-PD-1 efficacy while £ claraand Fusobacterium nucleatum reduced efficacy.1® Although
these studies have generated interesting findings, the lack of a common bacterial abundance
signal across studies (Table 1) indicates the complexity of these interactions and the need for
larger cohorts and validation studies.

A novel class of drugs that may offer benefit in CRC therapy are anti-inflammatories

like aspirin and immunotherapies targeting inflammatory pathways like tumor necrosis
factor blockade (anti-TNF). Aspirin administration has been found to reduce tumor

load in ApcMiV'* mice and in AOM/DSS mice with a depleted microbiota.2? The

bacterium Lysinibacillus sphaericus was shown to have the ability to degrade aspirin, and
supplementing germ-free aspirin-treated mice with this bacterium increased the number of
tumors formed.20 Aspirin-treated mice were enriched in Bifidobacterium and Lactobacillus
genera and had reduced abundance of Alistipes finegoldiand Bacteroides fragilis.2® Another
study found that ApcMiM* mice have reduced tumor formation and colitis following
pathogenic Escherichia coli colonization when they are administered neutralizing anti-TNF
antibody.2! £. coli colonization levels did not change, but instead the anti-TNF therapy
shifted the gut-microbial composition of the mice towards a less inflammatory state,
including an enrichment in Clostridiaceae.?! Untreated mice, on the other hand, had
increased Erysipelotrichaceae and Lachnospiraceae.?! These initial findings indicate that
anti-inflammatories may make promising co-therapies or adjuvant treatments to improve
response in CRCs. Taken together, these studies suggest that bacterial signature may
associate with treatment response, a phenomenon that could be linked to immune interaction
or drug metabolism.

Microbiota and colorectal cancer immunotherapy.

Colorectal cancer has a very poor response rate to ICI, and also has a lower mutational
burden, which can interfere with ICI’s mode of action.? A study of 74 patients with
advanced stage Gl cancer, 26 of which were MSI-H, found that responders to therapy

are enriched in Prevotellaceae and that patients with a higher relative abundance of
Akkermansia were more likely to benefit from ICI therapy.22 However, there was no
difference in microbial diversity between responders and nonresponders.22 Machine learning
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model based on the microbial composition of responders versus nonresponders identified
families Ruminococcaceae, Lachnospiraceae, Bacteroides, and Catenibacterium as most
predictive features of responsiveness.??

Understanding the impact of microbiota on immune response in CRC-bearing hosts could
have profound impact on therapeutics. For instance, mice bearing MC38 tumors showed
reduced CD8+ T-cell proliferation and increased tumor growth when colonized with
Helicobacter pylori following anti-CTLA-4, anti-PD-1, or oncolytic viral therapies.2® In
another study, MC38-bearing B-cell deficient mice had increased antitumor immunity via
improved CD8+ INFy+ T-cell circulation due to microbial dysbiosis induced by their
immune deficiency.2 Antibiotic-depleted MC38-bearing mice have also been found to have
reduced macrophages and dendritic cells and that Akkermansia supplementation rescues
their response to anti-PD-1 therapy.2® Lastly, in the non-PD-1-responsive tumor model
CT26, it was found that mice with high microbial diversity had a better response to anti-
PD-1 treatment and increased IL-2 and IFN+y secretion than mice treated with antibiotics,
which worsened response.28

Recently, much effort has been devoted to characterizing the mechanisms responsible for
bacterial-mediated response to immunotherapy. The modes by which the microbiota could
drive response include live bacteria acting as antigens for cancer immune response, either
through cross-reactive T-cell priming or release of pathogen-associated molecular patterns.
The genus Enterococcus has been highlighted in several studies as influencing CRC-specific
response to immunotherapy. First, Daillere et a/. found that mice bearing MC38 tumors and
treated with cyclophosphamide showed enriched Enterococcus hirae relative abundance in
their gut microbiota, which associated with reduced tumor burden through an increase in
intratumoral CD8+ T-cell infiltration.2 In addition, Fluckiger et a/. identified a prophage
tape measure protein that is specific to £. hirae that binds MHC class | and improves
immune response to both anti-PD-1 alone and anti-PD-1 combined with cyclophosphamide
in mice bearing MC38 tumors.28 This response was shown to be also mediated by an
increase presence of antitumor CD8+ T cells. Most recently, Griffin et a/. found that
Enterococcus faecium peptidoglycan digestion by SagA releases peptide fragments that
stimulate NOD2 signaling and synergize with anti-PD-1/anti-CTLA-4 immunotherapies in
the MC38 tumor model to increase antitumor response.2® These findings illustrate the
complexity by which a given bacterial genera could interact with therapeutics to modulate
outcomes.

When looking at host immunity, cytokine production can be an important mediator of
gut-microbial crosstalk as well, especially in the context of innate lymphoid cells (ILCs)
activity. Goc et al. found that CRC patient tumor tissues have a reduced number of ILC3s,
which produce IL-22 that promotes epithelial homeostasis, and increased pro-inflammatory
IFNy-producing ILC1s than healthy tissue.3? The authors found that the existing ILC3s

are also transcriptionally different, showing an ‘exhaustion’ phenotype, with markers
indicating active transition into 1LC1s.39 Loss of gut-protective ILC3s was associated

with altered microbial composition, including increased abundance of Clostridiales, and
lead to resistance to ICls in the MC38 mouse model.3? Whether increased abundance

of Clostridiales functionally impacts resistance to ICI treatment is unknown. Cytokines
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themselves can also be used as immunotherapy, like in the case of IL-2, and it has been
shown that combining IL-2 therapy with administration of A. muciniphilia can increase
immune-driven tumor apoptosis.3! In mice bearing CT26 tumors, a synergistic antitumor
effect of IL-2/A. muciniphilia was reported, a phenomenon dependent on the TLR2
signaling pathway.31 Another hypothesis explaining microbially driven response to therapy
is that microbial metabolites act as messengers, either impacting host immunity or through a
direct-to-tumor signaling pathway. For example, Bifidobacterium pseudolongum producing
the metabolite inosine acts as a potent modulator of Th1l effector cells, which in turn
improves anti-CTLA-4 efficacy in several mouse models of CRC.32

On the other hand, microbial products can also promote resistance to therapy in CRC,

such as in the cases of colibactin-producing £. coli (CoPEC) and £, nucleatum. Lopés

et al. found that in 40 CRC tumor hiopsies, CoPEC positive patients had a decrease

level of intratumoral CD3+ cells.33 In the ApcMi"* mouse model, mice colonized with
CoPEC had more tumors and inflammation, which was accompanied by decreased colonic
CD3+ and CD8+ T-cell frequency.33 In the MC38 tumor model, mice colonized with
CoPEC had increased resistance to anti-PD-1 therapy, illustrating factors that may promote
resistance in human patients.33 In the case of £ nucleatum, Yu et al. compared recurrent
and nonrecurrent CRC biopsies and found that ~ nucleatum was enriched in recurrent

CRC tissues and that this bacterium’s abundance associated with shorter recurrence-free
survival.34 In xenograft models of HCT116, HT29, and SW480 tumors, £ nucleatum
induced resistance to chemotherapy and reduced CRC apoptosis by selectively reducing
micro-RNAs responsible for autophagy signaling in tumors.34 Recurrent CRC patients were
also found to have lower levels of these miRNASs than nonrecurrent patients.3* £ nucleatum
is also able to produce a variety of other bacterial products that promote tumor resistance to
immune attack. For instance, Fap2 and FadA are surface adhesion proteins that contribute
to £ nucleatum invasion in CRCs. Fap2 expressed by £ nucleatum on colonized colon
cancer cells interacts with human immune receptor TIGIT, inhibiting NK cells-mediated
killing and promoting tumor immunosuppression.3®:36 FadA expressed by tumor-colonizing
F. nucleatum binds to E-cadherin, which promotes downstream inflammation and oncogenic
signaling, and has been shown to promote chemotherapy resistance.36:37 However, novel
approaches that engineer £~ nucleatum to produce antitumor products are in development
which may enable future tumor-localized therapies.3¢ Overall, these findings support the
concept that intestinal bacteria exerting positive and negative effects likely coexist in the
intestine and that treatment outcomes depend on not just the presence but the balance of
these forces.

Fecal microbiota transplant and bacterial consortia.

Targeted modulation of the gut microbiota is one approach that has garnered interest in
the field of cancer therapy. Microbiome-centered approaches may have less side effects
than traditional pharmacologic drugs and can offer great benefit depending on the disease
context. One such therapy is fecal microbiota transfer (FMT) where feces from a healthy
donor is used to repopulate the gut of a diseased recipient. Although this therapeutic
approach has been used with great success for the treatment of patients with recurrent
Clostridium difficile infection,38:39 evidence that such an intervention is applicable to
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cancer is slow to emerge. In a case study using two patients, FMT from a healthy donor
abrogated refractory ICl-associated colitis, and that recovery was associated with increased
relative abundance of Blautiaand Bifidobacterium.*° In another study, mice bearing MC38
tumors supplemented with Bifidobacterium bifidum responded to combined oxaliplatin and
anti-PD-1 therapy.*! A more refined form of FMT is the supplementation of a defined
consortium of bacteria that could synergize with host immune system to improve therapeutic
response. For example, Tanoue et a/. identified an 11-member consortium that enhanced
anti-CTLA-4 efficacy in the MC38 tumor mice model, via increased tumoral CD8+ IFN-y
+ infiltration.*2 More recently, Montalban-Arques et a/. selected four Clostridiales strains
(Roseburia intestinalis, Eubacterium hallii, F. prausnitzii, and Anaerostipes caccae) based
on their ability to express butyryl-CoA transferase and showed that supplementation of

this bacterial cocktail reduced tumor growth in the MC38 mouse model and was also

more effective than anti-PD-1 therapy alone.*3 Although much work is needed to establish
therapeutic efficacy of microbial transfer for cancer management, it is likely that well-
defined designer cocktails will supersede the use of FMT due to safety and regulation
concerns.** This is clearly exemplified with the presence of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) in the feces of some infected patients even
following clearance of the virus in the upper airway.*®

Dietary interventions for colorectal cancer.

Diet-centered approaches may represent a more efficacious means by which to modify

the intestinal microbiota.46 Changes in diet can be made to incorporate certain foods

and eliminate others in an effort to improve microbial health. High soluble fiber intake

has been associated with improved response to anti-PD-1 therapy in mice bearing MC38
tumors, which correlated with an enrichment in Akkermansia, a mucosal-associated
commensal bacterium.2> Additionally, FMT from these high fiber fed-mice was enough

to improve therapeutic response in a recipient MC38 tumor-bearing mouse.?> Another
study found that pectin supplementation, a soluble fiber found in fruits and vegetables,
could improve response to anti-PD-1 therapy in MC38-bearing mice colonized with feces
from human CRC patients.#” Dietary pectin increased the abundance of several short-chain
fatty acid (SCFA)-producing bacteria such as Erysipelotrichaceae, Ruminococcaceae, and
Bifidobacteriaceae, as well as butyrate levels, illustrating how diet supplementation could
rescue dysbiotic microbiota-induced resistance.#” Inulin, or chicory root fiber, has also
been investigated as a prebiotic to improve ICI therapy.*8 In the microsatellite stable

CT26 tumor model, mice supplemented with inulin had improved response, and increased
relative abundance of Akkermansia, Lactobacillus, and Roseburia.*® An engineered inulin
gel to improve colonic retention of the fiber also improved response to anti-PD-1 and
anti-CTLA-4 therapies.*® Metabolites from fiber digestion by the microbiota include SCFAs,
which includes butyrate, but the benefit is unclear for CRC therapy. On one hand, Coutzac
et al. supplemented mice bearing MC38 or CT26 tumors with sodium butyrate, which
worsened response to anti-CTLA-4 therapy.#® Additionally, in an associative study of the
fecal microbiota of 384 healthy and 390 CRC patients, Porphyromonas asaccharolytica and
Porphyromonas gingivalis were found to be rare but more abundant in CRC patients than
healthy subjects.59 Porphyromonas species produce butyrate, and it was shown that cell
senescence was induced by these species in invaded tissue, which may be driving tumor
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mutation development.3 But contrary to these findings, there is evidence for a beneficial
role of SCFAs in therapeutic response. An associative study found that in 52 patients

with solid cancer, including CRC, responders to anti-PD-1 and PD-L1 had higher fecal

and plasma SCFA levels.5! However, the SCFA identified to be associated with progression-
free survival was propionic acid, associated with high mushroom intake.>1 Additionally,
another study of 74 patients with advanced Gl cancers found that SCFA fermentation and
SCFA-producing bacteria Prevotella, Ruminococcaceae, and Lachnospiraceae were enriched
in responders to anti-PD-1/PD-L1 responders.22 Lastly, in an MC38 tumor model treated
with oxaliplatin, butyrate was found to improve response efficacy by promoting IL-12
signaling and CD8+ T-cell stimulation.52 The conflicting evidence for and against SCFA,
especially butyrate, may be due to differences in concentration and location. Luu et a/. found
that gut commensal microbe-derived butyrate and pentanoate were able to enhance CD8+
effector T-cell function in xenograft models of CRC, whereas Coutzac et a/. measured SCFA
levels in the circulating blood and found that higher levels were associated with therapeutic
resistance.4923 Further studies are needed to establish effective dosing and identify proper
sources for these SCFAs like butyrate to achieve beneficial outcomes in patients.

Engineered bacteria and viruses.

Another rapidly developing therapeutic is engineered bacteria and viruses that generate
antitumor response in otherwise non-immunogenic cancers. The fusogenic oncolytic
vaccinia virus is one such engineered phage, and coupled with anti-PD-1 mounted an
effective antitumor response in the microsatellite stable CT26 mouse tumor model, where
the ICI alone had no effect.>* There is also an engineered strain of Sa/monella typhimurium,
which produces flagellin B (FlaB) from Vibrio vulnificus, and when administered to mice
accumulates in tumor tissue and suppresses tumor growth in the MC38 model.%® In the
orthotopic HCT116 model of CRC, the S. typhimurium strain is also able to reduce
metastatic growth, in a manner dependent on TLR5-induced macrophage polarization.5®
These engineered strains and phages can also be combined with ICI. For example,
intratumoral injection of an oncolytic virus expressing IL-7 and IL-12 increases CD8+ and
NKT cells, and decreases tumor volume in the CT26 model.56 When combined with ICls,
response was greater in CT26, HCT116, and Detroit 562 mouse tumor models than either
therapy alone.%8 Another study showed that the probiotic £. coli Nissle strain engineered to
convert tumoral ammonia waste to L-arginine, synergized with anti-PD-1 therapy to improve
response in the MC38 mouse tumor model.>” The next step for applying therapeutically
engineered microbes to CRC appears to be safety and efficacy clinical trials, which will
determine future of this approach.

Immunotherapy is not commonly applied in the clinic for CRC due to the microsatellite
stable phenotype of most cases.2 However, these recent findings indicate that the microbiota
may be a source of biomarkers for response or a therapeutic in and of itself. However,

the link between therapy and microbiota becomes even more tenuous when one considers
extra-intestinal cancers along the Gl tract such as pancreatic, hepatic, and gastric. Next, we
cover recent findings from these cancer sites to highlight this emerging field and identify the
gaps in knowledge that may inform future studies.
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Pancreatic cancer

New links between the microbiota, immunity, and pancreatic cancer.

Bacterial DNA and 16S rRNA signal can be detected in human pancreatic adenocarcinoma
(PDAC) samples and less prevalently in normal pancreas tissue samples,8 suggesting the
presence of a resident pancreatic microbiota that dynamically changes with carcinogenesis.
This has been supported by other groups surveying the transcriptome datasets from the
TCGA cohort.>9-81 Human PDAC tumor contains a microbiota that is distinct from that

in the normal tissue®2:63 and matched fecal samples.52 The pancreatic microbiota likely
originates from the duodenum where the pancreatic duct opens, as Proteobacteria, which are
abundant in the duodenum, are also the most common phyla found in PDAC tumors.58 In
line with the gut-to-pancreas migration route, orally introduced £. cofiare found to colonize
the mouse pancreas.52 Emerging evidence suggests that both the local and distant (gut)
microbiotas can influence pancreatic carcinogenesis and response to therapies.

Germ-free status or antibiotics-mediated microbiota depletion slows down the development
of spontaneous and orthotopically implanted pancreatic tumors in mouse models,52:64
suggesting that the microbiota overall promotes pancreatic carcinogenesis. However, these
models do not distinguish the contribution from the pancreatic and intestinal microbiota,

as the microbiota in both compartments is affected by germ-free derivation or broad-
spectrum antibiotics. In contrast, in a subcutaneous PDAC xenograft tumor model where
no intratumoral bacteria can be detected, gut microbiota depletion by antibiotics still
reduces tumor growth,54 clearly demonstrating a long-distance pro-tumor effect of the

gut microbiota. Microbiota depletion results in increased intratumoral CD45+ cells,
CDB8+:CD4+ T-cell ratio, M1 macrophages, and decreased myeloid-derived suppressor
cells (MDSC), suggesting the microbiota contributes to an immunosuppressive environment
in pancreatic cancer.2:64 The cancer immune tolerance is at least partially induced by
microbial activation of pattern recognition receptors such as TLR2 and TLR5.52

Pancreatic adenocarcinoma development is associated with changes in the gut microbiota,
which could further impact pancreatic carcinogenesis. The initial evidence comes from the
observation that FMT from mice with spontaneous PDAC accelerates PDAC development
in recipient mice as compared with FMT from healthy wild type mice.52 Importantly,
recent data suggest that having PDAC does not necessarily entail a more carcinogenic gut
microbiota. FMT to mice with orthotopic pancreatic tumors showed that the gut microbiota
from PDAC patients who were clinically predicted to be ‘short-term survivors’ (survive less
than 5 years after surgery) significantly enhanced tumor growth, whereas the gut microbiota
from patients classified as ‘long-term survivors’ (LTS, survive more than 5 years) with

no evidence of disease reduced tumor growth.53 CD8+ T cells play an essential role in
microbiota-mediated tumor regulation, as antibiotic treatment or CD8+ T-cell depletion
abrogated the tumor-preventive effect of LTS with no evidence of disease microbiota in
mouse models.

Inside the pancreas, PDAC tumors contain higher loads of bacteria than normal tissue.52 16S
rRNA gene sequencing on pancreatic tumor sections from two cohorts of PDAC patients
revealed that LTS tumor microbiota has higher alpha diversity and distinct composition
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compared with short-term survivor tumor microbiota.53 Consistent with the notion of a local
microbiota impact on PDAC, intratumoral microbiota diversity significantly correlates with
CD8+ and GzmB-+ cell infiltration, and the abundance of the top three enriched genera in
LTS patients, that is, Saccharopolyspora, Pseudoxanthomonas, and Streptomyeces, correlates
with CD8+ T-cell tissue densities.®® Notably, these three genera, combined with Bacillus
clausii, have remarkable power to predict long-term survivorship in PDAC patients.53

Microbiota effects on pancreatic cancer immunotherapy.

Given the general pro-tumorigenic role of the microbiota observed in mouse models,
microbiota depletion by oral antibiotics was tested and shown to synergize with anti-PD-1
therapy to control orthotopic PDAC growth.52 However, this untargeted approach might
not benefit PDAC patients because treatment with broad-spectrum antibiotics within 1

to 2 months prior or in the first 30 days of treatment has been associated with poor
outcomes in patients with other cancers receiving immune-checkpoint inhibitor therapy.5°
Bacterial lipopolysaccharide (LPS) accumulates in PDAC tumors compared with adjacent
normal tissues, likely resultant from a leaky gut.%6 In PDAC patients, serum LPS levels
positively correlate with intratumoral PD-L1 expression.56 LPS induced PD-L1 expression
and consequently T-cell exhaustion in subcutaneous PDAC xenografts in mice via activating
the TLR4/MY D88 signaling.6® Accordingly, intraperitoneal LPS injection synergized with
PD-L1 blockade to inhibit subcutaneous PDAC tumor growth.56 Although the result is
promising, its clinical application is very unlikely considering the septic shock risk of
systemic LPS administration.

Recently, pentanoate, a SCFA produced by human gut commensals such as Megasphaera
massiliensis, is shown to enhance the antitumor activity of antigen-specific cytotoxic T
lymphocytes and engineered chimeric antigen receptor T cells against subcutaneously
implanted pancreatic tumors.>3 Mechanistically, this effect is mediated by pentanoate
inhibition of HDAC class | enzymes and subsequent increase of the mTOR activity.%3
Whether strains of M. massiliensis can synergize with ICls or adoptive chimeric antigen
receptor T-cell therapy against pancreatic cancer remains to be evaluated. Nonetheless, the
effect of pentanoate is likely cancer type-dependent, because in intraperitoneal injection
of pentanoate abrogated the efficacy of anti-PD-1 on subcutaneous melanoma tumors in
mice.53

Liver cancer

Altered gut microbiota has been reported in patients with hepatocellular carcinoma
(HCC),87-"1 the most common form of liver cancer (~90% of cases).”? The gut microbiota
contributes to HCC development by inducing inflammation.”® FMT from patients with
hepatitis C virus-related chronic liver disease (CLD) increased spontaneous and carcinogen-
induced liver carcinogenesis in mice, suggesting a pro-tumorigenic role of CLD-associated
gut microbiota.”* Enterococcus faecalis, a species enriched in both CLD and CLD-related
HCC patients as well as in recipient mice with liver tumors, can promote mouse liver
carcinogenesis via expression of the metallopeptidase GelE.”* GelE-positive E. faecalis

via its gelatinase activity increases gut permeability, leading to elevated plasma LPS
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and activation of TLR4/MYD88 signaling in hepatocytes.” This results in expression of
proliferative genes, facilitating tumor development.’#

Recent studies suggest that the gut microbiota can also enhance liver carcinogenesis by
dampening tumor immunosurveillance. Consistent with the pro-tumorigenic role of the

gut microbiota, treatment with broad-spectrum antibiotics prevented spontaneous HCC
development and inhibited liver metastasis of tumors of other origins in mice.”® This

was associated with a liver-specific increase of NKT cells, depletion of which nullified

the effect of antibiotics on liver tumor growth.”® NKT cell accumulation is driven by
primary bile acid-mediated CXCL16/CXCR6 chemokine signaling.”® By converting primary
bile acids to secondary bile acids, the gut microbiota, particularly vancomycin-sensitive
Gram-positive bacteria, reduces NKT cell liver infiltration to allow liver tumor growth.”
Aside from NKT cells, the gut microbiota could modulate other T-cell responses to establish
an immunosuppressive environment. Fecal bacterial extracts from non-alcoholic fatty liver
disease-related HCC patients induced the expansion of effector IL-10+ Treg cells while
reducing cytotoxic CD8+ T cells ex vivo, as compared with extracts from non-alcoholic
fatty liver disease controls.”t Whether the differential effects of gut microbiota on Tregs and
cytotoxic T cells play a role in liver carcinogenesis /in vivo, and the underlying mechanism,
remain to be determined.

Several studies have explored the gut microbiota features associated with I1CI therapy
outcome in HCC patients, although no consistent signal (i.e. alpha diversity, composition,
or specific taxa) has been identified (Table 1).76-78 This could be due to the small cohort
sizes investigated in these studies as well as the complexity of HCC etiologies. Nonetheless,
manipulating the gut microbiota could be an approach to potentiate immunotherapy against
HCC. In a subcutaneous HCC xenograft tumor model, periodical antibiotic treatment
(penicillin, chloramphenicol, and streptomycin) enhanced the antitumor efficacy of y&6T
cell immunotherapy.”® 3-Indolepropionic acid, a bacterial metabolite from tryptophan, was
found to be substantially elevated in the cecal contents of antibiotics-treated mice.”® 3-
Indolepropionic acid administration, /n vitroand in vivo, enhanced cytotoxicity of y8T cells
against HCC cells.”®

Gastric cancer

Gastric cancer is the classical example of cancer influenced by local bacteria, with H. pylori
colonization long established as a risk factor.8 Many studies have shown that the gastric
microbiota is significantly different between GC patients and noncancer individuals.® And
the gastric microbiota can modulate GC susceptibility directly or by interacting with H.
pyloriin mouse models.® To our knowledge, no study has examined the gastric microbiota
association with GC immunotherapy. Peng et al. investigated fecal microbiota signatures
correlated with clinical response to anti-PD-1/PD-L1 immunotherapy in a cohort of patients
with Gl cancer (19 CRC, 23 GC, 14 esophageal carcinoma, and 18 other GI cancer types).22
In this small, mixed cohort, no difference in the alpha diversity of the fecal microbiota

was observed between responders and nonresponders regardless of cancer type, although
the abundance of Bacteroides appears higher in nonresponders compared with responders in
each cancer type (Table 1).22
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Perspective and conclusion

Immunotherapy-based treatment of esophageal cancer, pancreatic, HCC, GC, and CRC is
still at an early stage compared with other immunogenic tumors such a melanoma and
non-small-cell lung cancer,®! and overcoming tumor-immune evasion represents a critical
challenge for this field of research. The emergence of the microbiota as an adjuvant to
immunotherapy may open new possibility for GI cancer treatment, although further research
is needed to formally establish this paradigm (Fig. 1). The research so far points to an
associative relationship between microorganisms and immunotherapy, but whether this link
could be used as predictive tool of responsiveness or even as an active therapeutic agent

is still unclear. More specifically, the lack of clarity into which microbial features are
associated with immunotherapy response to Gl cancer and whether specific microorganisms
associate with a given cancer type need to be addressed. An outstanding limitation in

this field is the lack of clinical benefit immune checkpoint inhibitors have in most CRC
cases, which precludes most prospective studies looking at microbial signature of response.
Therefore, most findings on the role of the microbiome in immunotherapy response are
preclinical, limiting the translational impact. More human studies are required to define
microbial biomarkers and mechanisms driving response to these therapies. There is currently
one clinical trial underway (NCT04729322) investigating the use of FMT in patients with
metastatic CRC who have previously not responded to anti-PD-1 therapy, indicating that

the field is moving in the direction of translation of preclinical findings to the clinic.

In gastric and liver cancers, however, ICIs are Food and Drug Administration approved

and do provide some clinical benefit, but there are still relatively few associative or even
preclinical studies regarding the microbiome and ICI response. In this case, more effort
should be devoted to clarifying the role of the microbiome in response given their close
proximity to the intestinal tract and associated microbial metabolites. Also, given that in
diseased states both organs are colonized by pathogenic bacteria shown to play a role in
their associated malignancies, there is a greater likelihood of there also being an impact

of immunotherapy response.82:83 Additionally, because intratumoral bacteria are present in
almost all cancer forms,2984 it is clear that intestinal microbiota is not the sole influencer

of immune responses and consequently immunotherapy modulation. It will be important to
investigate the relationship between the tumor microenvironment in GI cancer and treatment
outcomes to make conclusions about potential therapeutic partnership. Immunotherapy
represents an umbrella term for immune-based intervention for which ICI is only one arm.
Interventions such as adoptive cell transfer (chimeric antigen receptor T cell and tumor
infiltrating lymphocyte) and tumor vaccines may also have a microbiota component in
responsiveness and studies dedicated to this question should be undertaken. Answers to
these questions will allow for the design of novel interventions integrating microbiota with
existing immunotherapeutics. These interventions could include specific microbial cocktails
selective for a given treatment or cancer type, or even precision dietetics aimed at increasing
metabolic output of beneficial bacteria identified as synergistic with a given drug (Fig. 1). In
conclusion, although numerous unanswered questions remained, the microbiota brings a new
research era for cancer treatment and integration of microorganisms with therapeutics could
prove transformative for patient outcomes.
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Figurel.
Summary of future directions for microbial-related therapies in gastrointestinal cancers.

Potential future therapeutics includes non-immune checkpoint blockade immunotherapies
like adoptive T-cell transfer and immune cell vaccines, which must also be investigated in
the context of the microbiome. Precision dietetics and designer microbe cocktails represent
future targeted and co-therapies that may improve Gl cancer patient outcomes. Still unclear
is the relationship between the microbiota, immunity, and cancer therapy, and how this
affects immunotherapy response in these cancer types. The relationship between local and
distant effects of the microbiome, especially regarding the tumor microenvironment, should
also be parsed to clarify existing associations. Also necessary is the identification of a

clear signal separating responders and nonresponders to immunotherapies. Created with
BioRender.com.
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