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Abstract

Pancreatic adenocarcinoma is widely regarded as one of the most lethal malignancies
due to its rapid progression and the limited success of early detection methods
and therapeutic interventions. While immunotherapy has emerged as an effective
treatmentoptionforvarious solidtumors,ithas notdemonstrated comparable efficacy
in pancreatic cancer. Further research is required to evaluate the safety and efficacy of
different immunotherapy modalities, including immune checkpoint inhibitors, T-cell
transfer therapy, chimeric antigen receptor T-cell therapy, neoantigen vaccines, and
epigenome-targeting treatments, specifically in the context of pancreatic cancer.
Emerging evidence highlights the crucial role of the microbiome in modulating
cancer cells' responses to immunotherapy. Studies have increasingly implicated the
gut microbiota composition as a direct influencer of tumorigenesis in pancreatic
cancer. Certain microbial species have been shown to exert immunostimulatory or
immunosuppressive effects on pancreatic cancer cells, thereby directly enhancing or
suppressing their response to immunotherapeutic regimens. Despite these findings,
there remains a paucity of comprehensive reviews on microbiome studies specific
to individual immunotherapy modalities in pancreatic cancer. This review highlights
the exciting potential of the microbiome in modulating pancreatic cancer responses
across various immunotherapy subtypes and emphasizes the clinical need for further
research in the field.

Keywords: Immunotherapy; Inflammation; Microbiome; Microbiota; Pancreatic cancer;
Tumor microenvironment

1. Introduction

Pancreatic adenocarcinoma (PAC) is one of the most lethal malignancies worldwide,
with a 5-year survival rate of approximately 10%." It is the third leading cause of cancer-
related deaths in the United States and the sixth leading cause globally.? PAC can be
classified into endocrine or exocrine tumors, with the majority of exocrine tumors
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being malignant. Pancreatic ductal adenocarcinoma
(PDAC) comprises 90% of all exocrine tumors.> Globally,
the incidence of PDAC is rising, with over 500,000 cases
reported, making it the 14™ most common malignancy and
the 7" leading cause of cancer-related deaths.* Other classes
of pancreatic cancers include cystic neoplasms (i.e., serous
cystadenomas, mucinous neoplasms, intraductal papillary
mucinous neoplasms, and cystic papillary and epithelial
neoplasms) and endocrine tumors, such as insulinomas.
Prognosis in PAC mainly relies on clinical staging and
histopathological assessment. Molecular profiling further
subclassifies PAC into classical and basal-like subtypes,
with the basal-like subtype being more aggressive and
associated with worse prognoses.®

The poor prognosis of pancreatic cancer is attributed
to late diagnosis, rapid progression, and resistance to
conventional treatment.*” The majority of pancreatic
cancer cases (approximately 85%) are diagnosed at an
advanced stage, and only 10 — 15% of patients are eligible
for surgical resection, the best effective curative option.®
While immunotherapy has revolutionized the treatment
of various cancers by harnessing the immune system to
target cancer cells,” pancreatic cancers have demonstrated
limited responsiveness to such therapies. However,
emerging evidence from clinical trials challenges this
perspective by suggesting that combination therapies, such
as chemoimmunotherapy, may enhance treatment efficacy
in PAC."2

Pancreatic cancer cells exhibit unique characteristics
that enable them to evade immune detection and
proliferate uncontrollably, disrupting normal tissues and
cellular functions. While immunotherapy has shown
robust efficacy in other solid tumors, such as melanoma,
lung cancer, and renal cell carcinoma,’*** these distinctive
characteristics hinder similar success in treating
PDAC.* The failure of immunotherapy in PDAC
has been attributed to the unique nature of the tumor
microenvironment (TME), which is often described as
immunologically “cold” This phenomenon can be broadly
classified into two distinct mechanisms: (i) Evasion of
recognition by the host immune system and (ii) induction
of an immunosuppressive environment surrounding the
TME'IS-ZO

In roughly 40% of pancreatic cancers, the loss of
human leukocyte antigens (HLA) reduces the presentation
of antigens on the tumor cell surface, thereby facilitating
evasion of immunosurveillance.?® Similarly, studies
on breast and lung cancers have demonstrated that a
decrease in antigen-presenting molecules results in the
downregulation of natural killer (NK) activator molecules
on the cell surface. This downregulation ultimately allows

cancer cells to escape detection by the innate immune
system’s NK T cells.”> The second mechanism involves
active immunosuppression with the TME. Pancreatic
cancer cells achieve this immunosuppression by engaging
specific target molecules, such as interleukin (IL)-10,
transforming growth factor-beta (TGF-), prostaglandin
E2, programmed death-ligand 1 (PD-L1), cytotoxic
T-lymphocyte-associated antigen-4 (CTLA-4), V-domain
immunoglobulin suppressor of T cell activation protein,
and vascular endothelial growth factor.?*-%

Immunotherapy  strategies generally aim to
either enhance immune system activity or prevent
immunosuppression. However, the various subtypes of
immunotherapy operate through distinct mechanisms.
One prominent approach involves immune checkpoint
inhibitors, which target checkpoint proteins, such as
CTLA-4 and programmed cell death protein 1 (PD-1),
to restore T-cell activity by preventing excessive immune
suppression.”’? Another strategy employs monoclonal
antibodies (mAbs), which are artificially produced
antibodies designed to target specific tumor antigens.*
In addition, T-cell transfer therapies, including chimeric
antigen receptor T-cell (CAR-T) therapy, modify a patient’s
T cells to improve their ability to identify and destroy
cancer cells.”

Epigenetic alterations, such as DNA methylation,
histone acetylation, and microRNA (miRNA) suppression,
also play crucial roles in aberrant gene expression associated
with cancer progression.” Clinical trials targeting
epigenetic regulators - such as histone deacetylase (HDAC)
inhibitors, DNA methyltransferase (DNMT) inhibitors,
and enhancers of zeste homolog 2 (EZH2) inhibitors —
show promise in this context.” Furthermore, therapeutic
vaccines stimulate the immune system by presenting tumor
antigens to elicit a robust immune response. Whole-cell
vaccines and antigen-specific vaccines have demonstrated
potential in converting non-immunogenic tumors into
immunogenic ones, thereby enhancing the body’s ability
to fight cancer.**

Several clinical studies suggest that the gut microbiota
plays a vital role in modulating the immune system,*?*
tumorigenesis,”*® and tumor response to treatment.**
Research on the impact of microbiome on pancreatic
cancer has primarily focused on its influence on tumor
development*** and response to immune checkpoint
inhibitors.** Specific findings indicate that certain
microbes, such as Bacteroides fragilis and Bifidobacterium
species, enhance therapeutic responses to CTLA-4
and PD-L1 inhibitors, highlighting the potential for
microbiome-based therapies in cancer treatment. Certain
gut bacterial species, such as Akkermansia muciniphila
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and Enterococcus hirae, have been found to enhance T-cell
function by increasing recruitment and secretion of IL-12.
These effects potentially aid antitumor activity in various
cancer types, including melanoma and PAC. Conversely,
species such as Fusobacterium and Escherichia coli exhibit
adverse effects by downregulating T-cell responses and
increasing resistance to chemotherapy in pancreatic cancer.

Studies linking specific microbes to pancreatic cancer,
similar to established correlations such as Helicobacter
pylori with gastric cancer or Schistosoma hematobium
with bladder cancer, suggest the potential for developing
customized vaccines targeting tumorigenic microbial
species. For instance, Proteobacteria and Porphyromonas
gingivalis have been implicated in PDAC. Findings of
altered microbiota profiles in PDAC patients, coupled with
evidence of microbial migration across organs, underscore
the clinical and scientific significance of investigating such
vaccine strategies.

Furthermore, the impact of the microbiome on
epigenetic modifications in pancreatic cancer remains
underexplored.®®** Preliminary findings suggest that
microbial species such as Fusobacterium, Porphyromonas,
and Gemella with SI00P methylation patterns, indicating
potential immunosuppressive roles. These findings
necessitate further investigation into the underlying
mechanisms and the potential of these microbes as
immunostimulatory agents in epigenetic modification
therapies.

This review will focus on the potential use of various
immunotherapies for pancreatic cancer and the adjunctive
role of the microbiome in enhancing or inhibiting the
efficacy of these immunotherapies.® The first part of the
review discusses the efficacy and potential of various types
of immunotherapy treatments specifically for pancreatic
cancer. The second part of the review explores the role
of the microbiome in modulating the efficacy of these
therapies.

2, Concepts of immune-based therapies in
pancreatic cancer

2.1. Immune checkpoint inhibitors

Immune checkpoint proteins are integral components
of the innate immune system, functioning to prevent
immune cells from attacking the body’s own cells.”
Prominent examples include CTLA-4, PD-1, and PD-LI,
which play essential roles in regulating T-cell proliferation
(Figure 1). CTLA-4 and PD-1 act collectively as negative
co-stimulators to restrict T-cell expansion®® and suppress
the activation of autoreactive T-cells.® The interaction
between PD-1 and its partner protein PD-L1 inhibits

T-cell-mediated cytotoxic activity, contributing to tumor
immunosuppression.® Immune checkpoint inhibitor
therapies (such as anti-CTLA-4, anti-PD-1, and anti-
PD-L1) block these checkpoint proteins, thereby allowing
T-cells to attack cancerous cells directly.

Monoclonal antibodies can be engineered to target
a wide range of molecules, including, but not limited to,
tumor growth factors and immune cells. Pre-clinical
studies on mAbs targeting large-cell lymphoma antigens
have demonstrated that radioisotope-labeled mAbs are
most effective in hematological malignancies due to their
inherent radiosensitivity compared to solid tumors.”
Combination therapies using external beam radiation and
radioimmunotherapy have yielded promising preliminary
results in brain malignancies. These mAbs exhibit low
uptake in healthy tissues but can localize to regions with
an altered endothelial barrier caused by inflammation or
angiogenesis, making them particularly relevant for brain
tumors.®* However, despite their success in other cancers,
mAb therapy has not yet been clinically approved for
pancreatic cancer and remains an area requiring further
exploration.

Blocking the PD-1/PD-L1 pathway with immune
checkpoint inhibitors has shown significant clinical
responses in several cancers.”* For example, in the
treatment of 15 types of microsatellite instability-high
solid tumors, the KEYNOTE-158 trial reported a complete
response rate of 7%, an overall response rate (ORR) of
39.6%, and a duration of response of 6 months or longer
in 78% of patients.®® However, the efficacy of these
therapies in pancreatic cancer is markedly lower. In the
phase II arm of the KEYNOTE-158 trial, while the ORR
across tumor types was 30.8%, the ORR for pancreatic
cancer was significantly lower at 18.2%, with a duration
of response varying between 8.1 and 24.3 months.*®
Furthermore, patients in the pancreatic cancer cohort
had the lowest median progression-free survival following
pembrolizumab therapy (2.1 months) compared with
ovarian (2.2 months), gastric (3.2 months), and biliary
tract carcinoma (4.2 months).>®

In pancreatic cancer, the limited clinical efficacy of
monotherapy with immune checkpoint inhibitors has
raised questions about the role of immunosuppression
in the TME > Studies exploring combinations of
immune checkpoint inhibitors have yielded mixed results.
For instance, a pre-clinical study in murine models
demonstrated that administering a TGF-f§ pathway
inhibitor (galunisertib) before treatment with anti-PD-L1
and anti-CTLA-4 inhibitors improved efficacy in colon
cancer with liver metastases.® However, other studies found
that combination therapy with anti-PD-L1 (durvalumab)
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Figure 1. PD-L1 immune checkpoint inhibitor pathway. (A) Checkpoint proteins PD-L1 and PD-1 bind together to act as negative co-stimulators,
preventing T-cell proliferation in untreated tumor cells. (B) Immune checkpoint inhibitors, including anti-PD-L1 (e.g., atezolizumab, avelumab, and
durvalumab), block the binding of PD-L1 and PD-1, allowing T-cell proliferation and targeted tumor cell destruction in cancer patients undergoing
immunotherapy. Similarly, anti-PD-1 drugs (e.g., nivolumab and pembrolizumab) inhibit PD-1 activity. In contrast, anti-CTLA-4 drugs (e.g., ipilimumab

and tremelimumab) inhibit the CTLA-4 receptor.

and anti-CTLA-4 did not significantly improve outcomes
in patients with PDAC.®* Similarly, a phase II clinical
trial in patients with metastatic pancreatic cancer
reported disease control in 76% of patients treated with
a combination of anti-epidermal growth factor receptor
(EGFR) mAbs and gemcitabine, a nucleoside analog.”
While the study demonstrated limited cytotoxic effects of
anti-EGFR mAb monotherapy in pancreatic cancer,'% the
mechanisms driving the success of combination therapy
remain unclear. Only a small subset of patients with
PDAC possess a mismatch repair-deficient (MMR-D)
genotype, for which immune checkpoint inhibitors have
shown clinical efficacy. In a phase II study of MMR-D

solid tumors, six patients with pancreatic cancer exhibited
an ORR of 62%.° However, for the majority of patients
with advanced PDAC, immune checkpoint inhibitors lack
an established clinical role. Further research is needed to
identify the barriers preventing effective tumor responses
and to improve therapeutic outcomes in pancreatic cancer.

2.2. T-cell transfer and chimeric antigen therapy

T-cell therapy involves genetically recombining patients’ T
cells with tumor antigen-targeting receptors, enabling them
to specifically attack cancer cells.** Prominent receptors
used in this approach include T-cell receptors (TCRs) and
chimeric antigen receptors (CARs). TCRs recognize HLA
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peptidesand bind directly to macromolecules on the surface
of cancer cells.* However, this therapy is HLA-specific,
which limits its applicability to patients with compatible
TCR-HLA profiles.® In contrast, CAR-T therapy is a
multi-step process that bypasses HLA dependency. T-cells
are obtained through leukapheresis, isolated from the
blood, genetically reprogrammed with CARs, expanded to
generate millions of copies, and subsequently re-infused
into the patient. While CAR-T therapy is not restricted
by HLA compatibility, it is limited to targeting surface
antigens.*

Research on non-CAR TCRs for pancreatic cancer
remains sparse, and clinical trials for CAR-T therapy
in pancreatic cancer are still in their early stages. Initial
findings suggest that CAR-T treatment may have limited
effectiveness in PDAC. For example, preliminary results
from the CARsgen trial in 2018 demonstrated that patients
with gastrointestinal cancers showed an ORR of 50%
to anti-Claudin-18.2 CAR treatment (a target antigen
receptor specifically expressed in pancreatic cancer)® after
failing anti-PD-1/PD-L1 immune checkpoint inhibitor
therapy. However, follow-up results published in 2022
indicated that Claudinl8.2-specific CAR-T treatment
resulted in progressive disease in all five pancreatic cancer
patients included in the study.

The shortcomings of CAR-T therapy in pancreatic
cancer appear to stem from off-target toxicity caused by
the high sensitivity of CAR-T cells to low-level antigen
expression (Figure 2).%® In the CARsgen trial, for example,
one patient exhibited signs of healthy tissue destruction.
Similarly, a separate clinical study assessing CAR-T
therapy safety in four patients with mesothelioma reported
anaphylaxis in one patient,* although the results were not
statistically significant. Unfortunately, limited evidence
exists on off-target toxicities, specifically in PDAC treated
with CAR-T therapy. Further evidence from phase II/III
clinical trials is required to evaluate the efficacy and safety
of CAR-T therapy in pancreatic cancer and to establish
guidelines for its clinical application.

2.3.Vaccines in therapeutics

Therapeutic vaccines aim to stimulate the immune systems
to recognize and attack tumor cells by exploiting antigenic
differences between tumor cells and healthy host cells.”*”
These vaccines include whole-cell vaccines, which induce
delayed-type hypersensitivity responses to tumor cells,”
and antigen-specific, vector-based vaccines, which are
thought to provide strong safety profiles and antitumor
activity.”! For instance, whole-cell vaccines, such as
granulocyte-macrophage  colony-stimulating  factor
(GM-CSF) gene-transduced tumor vaccine (GVAX),

Low off-
target CAR-T
activity

High off-
target CAR-T
activity

Key:

@ CAR-T cell . Healthy epithelial cell

f‘% Cancer cell ‘ Damaged cell

Figure 2. Precision targeting of CAR-T therapies is crucial to maximizing
efficacy and minimizing harm. (A) Low off-target activity depicting
CAR-T cells (orange) primarily targeting and eliminating cancer cells
(yellow) in the pancreas, with minimal impact on healthy epithelial
cells in nearby tissues. (B) High off-target activity depicting CAR-T
cells causing significant damage to both cancer cells and epithelial cells,
potentially resulting in detrimental side effects - a key limitation of this
therapy.

have shown evidence of converting non-immunogenic
tumors into immunogenic ones. When combined with
cyclophosphamide, GVAX may improve outcomes in
pancreatic cancer patients by depleting regulatory T
cells and enhancing tumor infiltration.” This effect has
been demonstrated in preclinical studies. For example,
a murine model with early-stage, non-metastatic solid
tumors showed that a single, personalized PD-L1 blockade
cancer vaccine administered post-surgery inhibited
tumor recurrence and distant metastases.”! Similarly, a
clinical study of 48 patients with inoperable PAC reported
statistically significant survival improvements when
treated with a combination of mutant Ras peptides and
GM-CSE” Furthermore, a phase I clinical trial using
mRNA vaccines derived from neoantigens in resected
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pancreatic cancer cells demonstrated promising activity
and delayed recurrence. Although no vaccines for PDAC
have been approved by the United States Food and Drug
Administration, experimental treatments, albeit limited,
have shown promise. Further research is crucial to advance
these findings into clinical applications.

2.4. Epigenetic modifications

Several well-characterized epigenetic modifications -
namely, DNA methylation, histone acetylation, and miRNA
suppression - are linked to aberrant gene expression
patterns that play critical roles in the pathophysiology of
pancreatic cancer.®® Evidence shows that aberrant DNA
methylation is the most common alteration in cancer cells,
surpassing cytogenetic abnormalities or gene mutations.””
Recent studies have mapped specific histone modifications
and their suspected underlying correlations with particular
cancer types (e.g., mono acetylation of histone-4 has been
associated with breast and liver tumorigenesis).”

In pancreatic cancer, a notable epigenetic modification
is the hypomethylation of the SIO0P gene, which leads
to the suppression of the expression of B-cell leukemia/
lymphoma 2 protein (BCL2)/adenovirus E1B 19 kDa
protein-interacting protein 3 (BNIP3). This suppression
inhibits apoptosis and induces chemoresistance.”””’
Similarly, miRNA silencing via aberrant epigenetic
modifications has been significantly associated with
carcinogenesis and the progression of metastasis in a
wide array of human malignancies.”®* Specific miRNA
sequences, such as miR-93, miR-106b, miR-142, and
miR195-5p, have all been shown to downregulate PD-L1
expression and modulate T-cell functions in pancreatic
cancer.’* Beyond their role in pathogenesis, epigenetic
modifications hold promise for identifying disease
biomarkers and developing therapeutic interventions.
For instance, cell-free nucleosomes containing DNA and
histone modifications have been identified as important
markers of drug sensitivity in pancreatic cancer patients.*

Epigenetic modifications, such as HDAC inhibitors,
DNMT inhibitors, and EZH2 inhibitors, have emerged
as promising targets for PDAC in clinical trials. While
preclinical studies have shown some degree of efficacy,
clinical trials targeting epigenetic regulators are still in
their early stages. HDAC inhibitors have been evaluated in
single-arm dose-finding studies, but the results have been
inconsistent, showing minimal effects even at higher toxic
doses.” Phase I trials involving DNMT inhibitors have
shown promise in inducing antitumor responses in solid
organ cancers, including pancreatic cancer.®’ However,
these therapies are limited by poor toxicity profiles and
limited efficacy, achieving, at best, stable disease. Similarly,

EZH2 inhibitors tested in Phase I trials on two pancreatic
cancer patients demonstrated safety but showed no partial
or complete responses.”

Although the results are mixed, epigenetic modifications
remain a promising area for improving therapeutic
outcomes in pancreatic cancer. Further research is needed
to validate their efficacy.

Table 1 summarizes the various types of immunotherapies
used in pancreatic cancer and their mechanisms of action.

2.5. Challenges in pancreatic cancer immunotherapy

Immunotherapy has demonstrated robust and significant
efficacy in recent years as a treatment regime for solid
tumors (such as melanoma, lung cancer, and renal cell
carcinoma).**® However, phase I and II clinical trials
have unfortunately not shown similar results in the
realm of PAC.%% This disparity is hypothesized to stem
from the unique TME of PAC tumors® and the lack of
comprehensive mechanistic validation. The prevailing
hypothesis for the immunogenic or “cold” nature of the
PAC TME can be broadly classified into two major factors:
(i) A marked deficiency in high-quality, effective immune
effector cells, particularly anti-tumor T cells and NK
cells, and (ii) an overabundance of immunosuppressive
molecules, including epigenetic targets, that actively
release suppressive chemokines into the surrounding
environment.

While pre-clinical trials using various PAC mouse
models demonstrated improved chemotherapy delivery
upon depletion of the desmoplastic stroma in the TME,*
these results did not translate effectively to clinical settings.
For instance, a large-scale phase II clinical trial employing
gemcitabine and a hedgehog pathway antagonist to target
tumor stroma showed no significant improvements in
overall survival or progression-free survival.”” Interestingly,
a more recent pre-clinical trial investigating fibroblast
depletion in the TME stroma of PAC-bearing mice revealed
that such depletion induced immunosuppression and was
associated with reduced survival.*® Despite these varying
results, a consistent theme across studies highlights the
pivotal role of the TME in PAC and its critical impact on
the lack of response to immunotherapy.

3.The adjunct role of the microbiome in
immunotherapy for pancreatic cancer

3.1. The microbiome and immune checkpoint
inhibitor therapy

While numerous pre-clinical and clinical studies have
investigated the microbiome’s role in the initiation and
progression of pancreatic cancer, relatively little research
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Table 1. Examples of immune-targeting therapies

Therapy category Example

Mechanism of action

Immune checkpoint
inhibitors

T-cell therapy TILs, T-cell receptor-engineered T-cells

CAR-T therapy

CAR-T cells
Vaccines GVAX, CRS-207 (Listeria-based vaccine)
Epigenetic Azacitidine (DNA methyltransferase inhibitor),
modifications entinostat (histone deacetylase inhibitor)

Pembrolizumab (anti-PD-1), nivolumab (anti-PD-1)

Mesothelin-specific CAR-T cells, mucin 1-specific

Blocks interaction between checkpoint inhibitor proteins,
enhancing T-cell response against cancer cells®*

Isolates and expands TILs from the tumor, then re-infusing
them to target tumor cells*’

Genetically engineered T cells targeting antigens
overexpressed in pancreatic ductal adenocarcinoma®

Stimulates antitumor immune responses through inoculation
with whole cells or bacteria™ 7

Alters DNA expression patterns without modifying the
underlying DNA structure®

Abbreviations: CAR-T: Chimeric antigen receptor T cell; GVAX: Granulocyte-macrophage colony-stimulating factor gene-transfected tumor cell
vaccine; PD-1: Programmed cell death protein 1; TIL: Tumor-infiltrating lymphocyte.

has focused on the effect of specific microbes in modulating
response to immune checkpoint inhibitor therapies.
A landmark study by Vetizou et al.** investigated the effects
of the microbiome on responses to CTLA-4 blockade
therapy in both animal models and human subjects. The
2016 study demonstrated that tumors in melanoma-
bearing mice responded to CTLA-4 blockade therapy only
when the mice were also treated with B. fragilis, suggesting
an immunostimulatory role for certain Bacteroides species
in immune checkpoint inhibitor therapy. Furthermore,
the study revealed that fecal microbiota transplant from
melanoma patients treated with CTLA-4 antibodies
induced an overgrowth of B. fragilis in recipient mice,
implying a similar immunostimulatory effect may occur in
humans.

Further evidence was provided by Sivan et al.,®
who, in 2015, demonstrated the antitumor effects of
Bifidobacterium species in mice with melanoma. Oral
administration of Bifidobacterium was shown to be as
effective as PD-L1 antibody immunotherapy in controlling
tumor growth, while a combination of the two therapies
nearly eliminated tumor outgrowth.

In the context of pancreatic cancer, Pushalkar et al.,*
in 2018, identified Proteobacteria, Bacteroidetes, and
Firmicutes as the predominant phyla in PAC patients, with
relative abundances of 45%, 31%, and 22%, respectively,
compared to healthy controls. Ablation of these bacterial
species led to the upregulation of PD-1 expression in tumor
cells. Importantly, in macrophages deficient in toll-like
receptor (TLR) signaling, the immunosuppressive effects of
these bacterial species were not observed. Further analysis
revealed that Proteobacteria, in particular, were associated
with advanced pancreatic disease, providing evidence that
certain pathogenic Gram-negative bacteria promote an
immunosuppressive TME through mechanisms involving
lipopolysaccharides and flagella-mediated TLR activation.®

Most recently,in 2019, a defined commensal consortium
of 11 rare, healthy human-associated bacterial strains (7
Bacteroidales sp. and 4 non-Bacteroidales sp.) was shown
to enhance the therapeutic efficacy of both PD-L1 and
CTLA-4 checkpoint inhibitors.”” This finding suggests that
the microbiome not only modulates immune checkpoint
inhibitor therapy responses in pancreatic cancers but also
offers potential therapeutic applications across various
cancer types.

3.2.The microbiome in T-cell transfer and chimeric
antigen therapies

While specific bacterial species in the gut microbiome
have not yet been directly linked to the modulation
of TCR or CAR-T therapies, some evidence suggests
certain species can enhance or suppress T-cell function,
thereby influencing antitumor activity. For example, A.
muciniphila was shown in a 2018 study by Routy et al.*
to actively increase recruitment of CD4* T-lymphocytes to
epithelial tumor beds. The same study also demonstrated
that A. muciniphila promotes IL-12 secretion by dendritic
cells, enhancing T-helper (Th)1 cell differentiation and
antitumor efficacy.

Similarly, a 2016 study reported that E. hirae exerts
comparable effects on epithelial tumor cells by inducing
IL-12 secretion, which subsequently upregulates Th1 cell
differentiation into active T-cells.*” In melanoma patients,
certain species from the Ruminococcaceae family, in
addition to their immunostimulatory effect on PD-L1
therapy, were associated with increased levels of peripheral
and tumor-infiltrating T-cells in the tumor stroma.”

In the context of PAC, species such as Bifidobacterium
and Bacteroidales have been shown to enhance CD8" T-cell
infiltration and activation in murine models.”’ This finding
suggests these microbes may increase the efficacy of
T-cell-targeting immunotherapies, such as CAR-T or TCR
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therapies. Conversely, species such as Fusobacterium or
E. coli have been linked to worse prognoses in pancreatic
cancer due to their role in T-cell downregulation.® In
addition, these bacteria have been associated with increased
resistance to chemotherapy agents, such as gemcitabine,
fludarabine, and cladribine, in PDAC.*>%

3.3.The microbiome and therapeutic vaccines

Decades of research have established strong correlations
between specific microbial pathogens, such as H. pylori
and gastric cancer or S. hematobium and bladder cancer.
Emergingevidence nowlinks certain microbesto pancreatic
cancer, highlighting their potential as targets for vaccine
development. A randomized, double-blind, placebo-
controlled clinical trial conducted in China involving over
4,400 patients demonstrated that an oral recombinant
vaccine against H. pylori not only significantly reduced
infection incidence but also decreased the long-term
risk of gastric cancer.” While specific studies examining
the microbiome’s role in vaccine-based immunotherapy
for PDAC are limited (likely due to the nascent stage of
this technology), there is considerable evidence linking
tumorigenic microbial species to PDAC pathogenesis. This
connection underscores the potential clinical relevance of
developing customized vaccines targeting these microbes.

For example, Proteobacteria comprises approximately
50% of the gut microbiome in PDAC patients, compared
to only about 8% in healthy controls.®*® In addition,
P, gingivalis, a periodontal pathogen, has been associated
with an almost two-fold increased risk of pancreatic cancer,
as demonstrated in a 2013 European study involving over
800 subjects.” Mechanistic studies suggest that P. gingivalis
may release peptidyl-arginine deaminase, resulting in
point mutations in P53 and RAS genes, thereby promoting
tumorigenesis in PDAC.”

Multiple studies have examined salivary flora for
its potential use in screening for the early detection of
PDAC. A 2015 study involving 20 subjects demonstrated
that the reduction of a combination of Neisseria elongate
and Streptococcus mitis served as a reliable screening test
for PDAC, yielding 96% sensitivity and 82% specificity.”®
Similarly, sequencing of the tongue microbiome in
a 2019 study revealed that an increased prevalence
of Haemophilus, Porphyromonas, Leptotrichia, and
Fusobacterium effectively distinguished PDAC patients
from healthy controls.”” While significant overlap in
microbial profiles may exist between PDAC patients and
those with colorectal cancer or hepatocellular carcinoma,
a separate 2019 study found that Lactobacillus levels were
significantly higher in healthy controls compared to PDAC
patients.”® This finding not only highlights the presence of

tumorigenic microbial species, as observed in most studies
but also suggests that dysbiosis can result in a decrease
in immunostimulatory microbes, thereby facilitating
PDAC development. Furthermore, the study identified
microbial similarities between the pancreas and adjacent
organs, such as the colon and liver, suggesting the potential
migration of bacterial species across organs, which could
directly influence dysplasia development. These findings
underline the need for further research into customized
vaccines targeting microbial species strongly correlated
with PDAC pathogenesis, which could have tremendous
clinical and scientific implications.

3.4. The microbiome and epigenetic modifications

Among immunotherapy types, the role of the microbiome
in epigenetic modifications within pancreatic cancer
remains the least studied. Although the mechanisms
underlying miRNA and DNA methylation changes in
PDAC oncogenesis are still unclear, their downstream
effects on tumor response remain an active area of research.

In 2004, Sato et al” identified significant patterns of
SI100P hypomethylation in pancreatic cancer cells compared
with healthy controls. Building on this, Riquelme et al.*”’ in
2019 linked changes in SI00P methylation patterns with
increased presence of Fusobacterium, Porphyromonas, and
Gemella, suggesting a potential immunosuppressive role
for these species in the context of epigenetic modification
therapy. Similarly, Geller et al.'® in 2017 associated certain
intratumoral bacterial species, particularly Porphyromonas
and Streptococcus, with elevated SIOOP expression in
pancreatic cancer cells. Thesefindings collectively suggest that
certain microbial species may enhance immunostimulatory
responses in epigenome modification therapies, although
the underlying mechanisms remain unclear, and potential
confounding factors cannot be excluded. This represents a
significant opportunity to establish correlations between the
microbiome and its immunomodulatory roles in epigenetic
modification therapies.

Table 2 summarizes the roles of specific microbial
species in modulating tumor responses to various
immunotherapy types.

4. Future directions

The studies discussed in this article highlight the
fundamental role of microbiome composition in
modulating tumor responses to immunotherapy in cancer
patients. Multiple ongoing clinical trials are evaluating the
efficacy of combination immunotherapies in human PAC
tissues compared to standard-of-care chemotherapy or
radiotherapy. These studies further emphasize the potential
of immunotherapy in pancreatic cancer management.
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Table 2. Examples of specific microbial species that are
associated with immunotherapy modulation

Immunotherapy type Microbiota species with

immunomodulatory potential

Bacteriodes fragilis (+) *
Bifidobacterium (+)*
Proteobacteria (-) %
Bacteriodetes (-) %
Firmicutes (-)*

Immune checkpoint
inhibitors

Akkermansia muciniphila (+) %
Enterococcus hirae (+)°!
Bifidobacterium (+)*
Bacteriodales (+) %
Fusobacterium (-) %
Escherichia coli (-) %%

T-cell therapy and
CAR-T therapy

Neisseria elongate (+)*°
Streptococcus mitis (+) ¢
Lactobacillus (+)*®
Proteobacteria (-) %
Porphyromonas gingivalis (-) ***
Haemophilus (-)*

Leptotrichia (-)*
Fusobacterium (-)*7

Vaccines

Fusobacterium (-) %%
Porphyromonas (-) %
Gemella (-) %%
Streptococcus (-) '

Epigenetic modifications

Notes: (+) Refers to associations with an immunostimulatory effect; (-)
Refers to associations with an immunosuppressive effect.
Abbreviation: CAR-T: Chimeric antigen receptor T cell.

Evidence  suggesting a  correlation  between
increased microbiota diversity and altered responses
to immunotherapy indicates that the gut microbiome
warrants further exploration in the context of pancreatic
cancer. Specifically, leveraging advanced technologies to
evaluate the effects of specific microbes on the TME could
significantly reduce the reliance on animal experiments for
studying the role of gut flora in drug resistance.

As modern oncology increasingly adopts
personalized therapies enabled by genomic profiling and
genetic sequencing, microbiome composition analysis
could emerge as a valuable predictive tool for prognosis
and treatment efficacy. Individualized microbiome
profiling may also provide valuable insights into
potential correlations between microbiome diversity,
epigenetic modifications, and treatment efficacy in
modalities such as radiation therapy or surgical tumor
resection.

5. Conclusion

Despite a wide array of technological and biological
advancements in the realm of immunotherapy since its
initial introduction as a potential treatment for pancreatic

cancer, several questions remain. Cytotoxic chemotherapy
continues to be the cornerstone treatment for localized
and advanced PDAC. While multiple preclinical and early-
phase clinical studies support promising approaches such
as immune checkpoint inhibitor therapies, T-cell transfer,
CAR-T therapies, neoantigen vaccines, and epigenetic
modification therapies, large-scale, practice-changing
trials are still lacking.

The limited research into these modalities leaves gaps
in understanding their efficacy and safety profiles. For
instance, immune checkpoint inhibitors are effective
in a very small subset of pancreatic cancer patients,
while CAR-T therapy is hindered by off-target toxicities.
Similarly, vaccine-based and epigenetic therapies show
potential but are constrained by a lack of robust clinical
evidence in pancreatic cancer.

Emerging evidence underscores the critical role
of the gut microbiome in immunomodulation and its
influence on tumor response to treatment. Species such
as Firmicutes and P. gingivalis have been associated with
immunosuppressive effects, whereas B. fragilis and A.
muciniphila are linked to immunostimulatory responses.
Conversely, Proteobacteria has been implicated in the
progression to advanced stages of pancreatic cancer.

Despite the critical clinical and therapeutic potential of
microbiome modulation, research in this area remains sparse,
and translation from bench to bedside has proven challenging.
Both pre-clinical and clinical studies are urgently needed to
elucidate the microbiome’s role in immunomodulation and
metabolome interactions, potentially paving the way for a
new class of therapeutics in pancreatic cancer.
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