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Abstract

Neoplasia (2021) 23, 246-256

Pancreatic ductal adenocarcinoma is the third leading cause of cancer-related death in the United States. As one of the most lethal
cancer types, the prognosis for patients diagnosed with pancreatic cancer remains dismal and novel investigations are urgently needed.
Evidence for an association of microbes with pancreatic cancer risk, development, treatment response, and post-treatment survivorship
is rapidly developing. Herein, we provide an overview on the role of the microbiome as it relates to the natural history of pancreatic
cancer, including host immune interactions, alterations in metabolism, direct carcinogenic effect, and its role in treatment response.
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Introduction

The current clinical impact and treatment of pancreatic ductal
adenocarcinoma

Pancreatic ductal adenocarcinoma (PDAC) is the third leading cause of
cancer-related death in the United States, with an estimated 57,600 people

Abbreviations: GF, germ free; PDAC, Pancreatic ductal adenocarcinoma; POPE
postoperative pancreatic fistula; QPCR, quantitative polymerase chain reaction; SPE, specific
pathogen free; WT, wild-type.
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diagnosed in 2020 [1]. While the overall cancer survival rate has shown
moderate improvement with multimodality treatment [2,3], the overall 5-
year survival rate for patients diagnosed with PDAC remains stagnant at 7%
to 9%. While surgical resection offers the only hope for cure, this should
be applied in the context of multimodal therapy to include chemotherapy,
chemoradiation, and potential targeted therapies. Even in this best-case
scenario in which a patient completes all aspects of multimodality care, the
median survival is 30 to 40 months [4-6], compared to 10 to 13 months for
patients with metastatic or unresectable disease who receive chemotherapy
alone [5,7]. While targeting the immune system and tumor stroma have
been met with excitement to improve these survival statistics, their real-world
results have given pause to these treatment modalities [8,9]. Thus, as one of
only 2 gastrointestinal malignancies to witness a rising incidence and death
rate [10], novel diagnostic and treatment modalities are urgently needed and
require new experimental approaches.

Historically, only ~20% of patients are candidates for potentially
curative upfront surgical resection of their pancreatic cancer [11]. With
the advent of multimodal therapy centered on systemic chemotherapy
and surgery for patients even with vascular involvement, resection rates
approach 70% [12]. While some studies have proven controversial and have
their own limitations, the use of a multidisciplinary approach to PDAC
treatment has improved survival compared to an initial surgical approach.
Additionally, even patients with major mesenteric vessel involvement
(superior mesenteric artery, superior mesenteric vein, portal vein) were
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Fig. 1. Microorganisms have been hypothesized to influence pancreatic cancer progression in both a remote (nonpancreatic) and local (intrapancreatic)
manner. Distinct oral and gut microbiome compositions have been associated with pancreatic cancer risk, which potentially provides a noninvasive modality
for pancreatic cancer early detection [32,41,43,55]. Mechanistically, gut microbiota can suppress the host anti-tumor immunity, facilitating PDAC progression.
Local pancreatic microorganisms may also play an important role in pancreatic carcinogenesis in a similar manner.

once considered unresectable but are now able to achieve similar oncologic
outcomes in highly selected cases as patients without vessel involvement
[13,14]. Given that our current technical prowess for pancreatectomy has
likely reached a limit, there is still areas for improvement in terms of
optimizing patients before surgery, minimizing perioperative morbidity, and
postoperative surveillance. Additionally, improvement in the multimodal
care using systemic chemotherapeutic/biologic agents with/without radiation
deserves continued attention. However, there are several areas during the
treatment timeline of patients with PDAC that are candidates for paradigm-
shifting investigations to improve outcomes for these patients.

The microbiome and its relationship with cancer

The microbiota, the collection of trillions of microorganisms that include
bacteria, virus, fungi, and archaea which live on and within every human,
has been shown to play an essential role in host physiologic homeostasis.
A homeostatic imbalance of the microbiota, often referred as “dysbiosis,”
contributes to the pathogenesis of many diseases [15], including cancer
[16]. The majority of the human microbiota resides in the gastrointestinal
tract [17] while microbial communities have also been shown to occupy
nonintestinal organs [18,19]. The collection of microbial genes within each
of these locations is defined as the microbiome, and the advent of next-
generation sequencing has tremendously enhanced our understanding of the
collective human microbiome [17].

The oncobiome, the term coined to describe the field of research
investigating the role of the microbiome on human cancer development,
has seen rapid expansion in the past decade [20]. The field of oncobiome
research, initially focused on colorectal cancer, has rapidly expanded into
other malignancies as well [21]. Mechanisms hypothesized to address how
the oncobiome influences cancer development include (1) direct impact
of bacterial toxins/metabolites on cancer initiation and growth [22-24],
(2) modulation of the host local and systemic immune response [25-27],
and (3) alteration of microbial and host metabolism [28—30]. These host-
microbe interactions in cancer development could occur in a local (organ
dependent) and/or remote (organ independent) fashion [16] (Figure 1).

Taking advantage of the microbiota through its effect on its host has emerged
as a potential strategy to augment cancer therapeutics [21]. Given that PDAC
remains one of the deadliest cancers, ongoing research into its mechanisms of
progression and poor response to traditional therapies is desperately needed
and investigations into the pancreatic oncobiome, while in their infancy, may
provide novel insights into pancreatic carcinogenesis.

Herein the current state of the literature regarding the microbiome
and pancreatic tumorigenesis will be discussed and how the microbiome
may impact the management of this disease along the surgical continuum
from screening, to neoadjuvant/adjuvant treatment, surgical outcomes, and
surveillance. Finally, future areas of needed research will be discussed to
provide insight into the management of this deadly disease.

Pancreatic microbiota and pancreatic cancer

Once considered a sterile organ, recent studies have demonstrated that the
pancreas harbors a microbiota, but its role is uncertain. Geller and colleagues
examined 113 human PDAC samples obtained during surgery and 20 normal
pancreas samples from organ donors by performing bacterial 16S ribosomal
DNA quantitative polymerase chain reaction (QPCR) [31]. They found that
76% of the pancreatic tumor samples and 15% of the normal pancreas
harbored bacteria. Further 16S rRNA gene sequencing of 65 PDAC samples
showed high abundance of the bacterial class Gammaproteobacteria (51.7%
of all reads) and primarily the Enterobacteriaceae and Pseudomonadaceae
families in these specimens. An independent 16S rRNA gene sequencing
study on 12 PDAC samples by Pushalkar et al. also demonstrated the
presence of microbes but identified the phyla Proteobacteria, Bacteroidetes,
and Firmicutes as prevalent in all samples [32]. By comparing the bacterial
composition of the 12 pancreatic tumor samples to 5 healthy controls, a
distinct difference in microbial composition was revealed between the human
pancreatic tumor specimens and normal human pancreas [32]. The presence
of pancreatic microbes has been further confirmed by Thomas and colleagues.
However, by comparing 16 PDAC samples to 7 normal nonmalignant
pancreatic tissue controls, Thomas and colleagues did not find microbial
discrimination at the genus level after statistical scrutiny with False Discovery
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Rate correction [33]. The data regarding the compositional difference in
intrapancreatic bacteria between pancreatic cancer and normal pancreas is
still a continued area of debate both from a perspective of bacterial source
and function. Study variances include patient sample source, limited quantity
of tissue, and the inconsistent definition of “normal control” (healthy organ
donor pancreas or normal pancreatic tissue from patients which may be
derived from the nonmalignant portion of pancreas as part of a resected cancer
specimen).

In order to partially address this controversy and provide insight
into the pancreatic microbiota and its association with PDAC, Pushalkar
et al. found an increased abundance of intrapancreatic bacteria in the
Pif14°LSL-KrasS'12P (KC) mouse model of pancreatic cancer compared
to C57BL/6 (H-2Kb) wild-type (WT) mice by 16S rRNA fluorescent in
situ hybridization [32]. This raises the question regarding the source of
the intrapancreatic bacteria and the potential requirement for a pre-existing
pancreatic abnormality/pathology, such as the presence of malignancy, in
order to create a niche for microbes to colonize. Since one may hypothesize
that microbes can gain access to the pancreas via the upper gastrointestinal
tract, Pushalkar et al. orally gavaged W'T mice with 2.5 x 108 colony-forming
units GFP-labeled Escherichia coli daily and euthanized them in a time-
course based manner to determine pancreatic colonization. Peak GFP signal
was detected in the WT mice pancreas at 0.5 hour after the oral gavage
procedure and subsequently decreased but stayed at a relatively lower level
which persisted from 6 to 72 hours. However, WT mice grown in specific
pathogen free (SPF) housing conditions had little to no bacterial DNA
detection. While this demonstrates the ability of bacteria to translocate into
the pancreatic parenchyma through artificial gavage using a murine system
of PDAC, the short-term translocation in WT mice is likely due to the large
amount of Escherichia coli orally administered with concomitant reflux into
the pancreatic duct. This short course experiment therefore does not prove
long-term colonization or that the bacteria were viable as no confirmatory
culture was performed.

Because upper gastrointestinal colonization may not be the only modality
for pancreatic colonization, Thomas et al. transferred germ free (GF)
129SvEv mice into SPF housing, followed by a single oral gavage of
1 x 10°colony-forming units SPF microbiota and maintained them in SPF
housing conditions for 1, 2, 4, and 8 weeks [33]. Through universal 16S
tfRNA gene PCR amplification of murine stool, Thomas et al. detected
the establishment of an intestinal microbiota in the GF mice but no
microbial colonization in pancreas. This demonstrated that a naturally
acquired microbiota in mice with a nondiseased pancreas may not lead
to microbial acquisition in the pancreas, unlike the Pushalkar study.
In addition, to assess if microbe translocation could be induced with
defective intestinal permeability, as has been suggested in pancreatitis [34],
Thomas and colleagues orally gavaged /1107~ mice with Campylobacter
Jjejuni in order to induce colitis [35,36]. Even though the /107~ mice
administrated with Campylobacter jejuni had developed severe colitis with
increased intestinal permeability, as demonstrated on histology and by
increased serum FITC-dextran measurement, universal 16S rRNA gene PCR
amplification failed to detect bacteria translocation in the pancreas. Taken
together, the acquisition of microbes in the pancreas does not appear to
require defective intestinal function but may require pathologic perturbations
in the pancreas itself to provide an opportunistic window for potential
colonization. Nevertheless, what is congruent among different studies is that
the human pancreas possesses a microbiota but the mechanisms whereby
this is established is likely multifactorial [37]. Whether pancreatic cancer
patients harbor a unique microbial composition compared to noncancerous
patients, how the pancreas microbiota acquisition occurs, and if this
plays a role in pancreatic carcinogenesis or just an associative finding
remains to be defined and further research is needed to fill this knowledge

gap-

The microbiome as a biomarker and screening
tool for PDAC

As research involving the oncobiome matures, it is natural to hypothesize
that the microbiome may provide insight into its use as a screening tool for
individuals at risk for cancer, including PDAC [38]. Some of the confounding
factors responsible for the poor prognosis of PDAC include its late detection,
lack of screening methods, and paucity of risk factors in the majority of
patients that render the potential for surgical cure futile once a diagnosis
is established [39]. Utilizing the microbiota as a screening test may provide
important clues for the early detection of PDAC as it would be easy to
administer with low morbidity with regards to sampling the fecal or oral
microbiota. Such testing has shown promise in colorectal cancer detection
but its udility in PDAC remains unclear [40].

Previous studies have provided an association between the oral
microbiome and the presence of PDAC [41,42]. By comparing the salivary
microbiota of pancreatic cancer patients (n = 10) and healthy control subjects
(n=10), Farrell et al. identified variations of oral microbes associated with
PDAC. The combination of two microbial biomarkers (Neisseria elongate
and Streptococcus mitis) showed a 96.4% sensitivity and 82.1% specificity
in differentiating pancreatic cancer patients from healthy controls [43].
Furthermore, Fan and colleagues characterized the oral microbiome of
361 PDAC patients and 371 matched healthy controls by 16S rRNA
gene sequencing and found the oral pathogens Porphyromonas gingivalis
(P= 0.0048) and Aggregatibacter actinomycetemcomitans (P= 0.016) were
associated with a higher risk of pancreatic cancer while the abundance of
the phyla Fusobacteria was associated with a decreased risk of PDAC (P=
0.0079) [41]. The different oral microbial signatures associated with PDAC
found between various investigations may be due, in part, to differences
in patient sample size, geographic locations with associated dietary and
environmental variability, and specimen source (saliva vs oral wash samples).
In order to examine the relationship between host immune response, oral
microbes, and pancreatic cancer risk, Michaud and colleagues measured
antibodies to oral bacteria in blood samples from 405 pancreatic cancer
cases, prior to their diagnosis, and 416 matched healthy controls. They
found that patients with high levels of Porphyromonas gingivalis antibodies
had a 2-fold higher risk of pancreatic cancer (OR 2.14; 95% CI 1.05, P=
0.05) [44]. Taken together, detection of antibodies against these oral bacteria
may serve as a biomarker to identify people with high risk of pancreatic
cancer but the impact of P gingivalis on pancreatic carcinogenesis, if any, is
unknown.

Whereas the aforementioned studies relied on the oral microbiome,
increasing evidence has associated changes in the gut microbiota to pancreatic
diseases as well [37]. It is thus natural to hypothesize that alteration of the gut
microbiota may also associate with PDAC and provide a potential screening
mechanism. To investigate a potential link between the gut microbiota and
PDAC, Ren and colleagues characterized the fecal microbiota in 85 PDAC
patients and 57 matched healthy controls through MiSeq sequencing to
elucidate any gut microbiota alterations in pancreatic cancer patients [45].
They illustrated that the gut microbiota in PDAC patients harbored a
decreased microbial diversity, increased abundance of potential pathogens,
and a decrease of beneficial bacteria when compared to healthy controls
[45]. In particular, the fecal contents of PDAC patients had an increase
in lipopolysaccharide-producing bacteria which are often associated with
increased risk for cancer [46-48], and a decrease of butyrate-producing
bacteria which has demonstrated anticancer effects [49—51]. In addition, 40
genera of bacteria associated with PDAC patients achieved a high correlation
(area under the curve =0.842) to distinguish these PDAC patients from
healthy controls. The potential utility of a stool-based screening method for
PDAC detection was further strengthened with the use of a murine genetic
mouse model of PDAC. It is important to note that there are inherent
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differences between the human intestinal microbiota in terms of abundance
and diversity of microorganisms when compared to these preclinical models.
Special consideration should be made when translating the knowledge from
such murine models to human studies given the fact that as little as 4% of
the bacterial metagenome is shared between humans and mice [52,53]. In
addition, the mouse genetic background(s), housing conditions, and ages all
have an impact on their gut microbiota composition [54]. Therefore, focusing
on common metabolic pathways affected by the microbiota, regardless of
microbiota dissimilarities, may provide more translational impact when
murine models are utilized compared to focusing solely on microbiota
composition. A key component of any screening test is to detect the disease
of interest prior to its development so that treatment can be instituted
expeditiously. As such, Mendez and colleagues sought to determine temporal
changes in the gut microbiota in the KRASC?P/*; Trp53RI72H4+; pdx]-
Cre (KPC) mouse model of pancreatic cancer [55]. They analyzed the
gut microbiota in KPC mice and age-matched control mice in a time
course throughout the process of tumor development. First, they performed
16S rRNA gene sequencing on the fecal samples from 1 and 6 month
old KPC and age-matched control (Pdx1-Cre) mice. There was significant
reduction of bacterial richness in these KPC mice compared with control
at 6 months of age but not at 1 month of age. When compared to 1
month old KPC mice, the 6 months old KPC mice showed a significant
relative expansion of 6 genera and diminished relative richness of 19 genera.
Next, to increase the resolution at the microbial genus/species level and
to identify relevant bacterial species functionally related to prencoplasia
time points, they applied shotgun metagenomics analysis. A whole-genome
sequencing on control and KPC mice at 2, 3, and 4 months showed that
the KPC mice had significant microbial composition changes as they aged
(2 months vs 4 months) but not the control mice by using Bray—Curtis
principal co-ordinate analysis. Finally, the predictive metabolomic analysis
using HUMARNN?2 pipeline [56] on the identified bacterial species revealed
that the dominated metabolic pathway identified in 4 month old KPC mice
is polyamine biosynthesis while the 2 month old KPC mice had a distinct
dominance of energy metabolism pathways. However, the whole-genome
sequencing was not applied to the mice aged at 1 or 6 months of age
and therefore the full picture of longitudinal KPC murine gut microbiota
development at a microbial species/metabolism level remains to be defined.
To validate their finding, serum polyamine detection was performed, and they
found significantly elevated serum polyamine concentrations in KPC mice
aged 4 months and older when compared to 1 to 2 month old mice (1-2
month vs 4-5 month, P= 0.0025; 4-5 month vs 6+ month, P= 0.0242).
Although transgenic PDAC murine models have been shown to mimic the
clinical PDAC histology which serves as an important preclinical tool, the
applicability of such studies to humans is still somewhat limited. Therefore,
Mendez et al measured the serum polyamine levels in PDAC patients
which demonstrated significantly increased polyamine concentrations when
compared to normal healthy volunteers (P= 0.0011, n=8 per group).
The application of serum polyamine detection in the clinical setting as a
PDAC biomarker brings promise for early detection of PDAC but requires
further validation in the setting of clinical trials. Finally, a recent study by
Poore et al. found the potential of utilizing microbial DNA isolated from
blood and tissue to diagnose cancer. By reexamining the whole-genome and
whole-transcriptome sequencing studies in The Cancer Genome Atlas of 33
different types of cancer, they found unique microbial signatures that could
discriminate between cancer and healthy patients [57]. Although PDAC was
classified with all evaluated gastrointestinal cancers, which was found as a
group to be associated with the Fusobacterium genus. In addition, Nejman
and colleagues found that intratumoral bacterial composition varies based on
tumor type [58]. They detected the presence of intratumoral bacteria by using
bacterial 16S ribosomal DNA gPCR in various types of cancers including
pancreatic cancer, which is in line with the findings of other groups [31-
33,59]. However, the intratumoral microbial signature of pancreatic cancer

was not the focus of this study as there was not normal tissue for comparison.
Further studies focusing on PDAC intratumoral signature are needed, which
may be utilized as biomarker for pancreatic cancer detection, albeit invasive.
Taken together, these findings suggest that the development of PDAC results
in alterations of the microbiome which may prove useful in the early detection

of PDAC [55].

Gut microbiota and pancreatic cancer
development

Whereas earlier studies had been limited to associations of gut microbial
changes with the presence of PDAC, several groups have recently established
a more causative role. Pushalkar et al. compared PDAC growth in mice
with an intact microbiota, to mice either born in GF conditions or having
antibiotic-mediated ablation of the gut microbiota. They found that the
gut microbiota accelerated pancreatic cancer development and produced
an overall suppression of antitumor immunity. This was demonstrated
by increased myeloid derived suppressor cell infiltration which altered
tumor-associated macrophages toward a pro-tumorigenic M2-like phenotype
[60,61] and reduction of antitumor cytotoxic CD8+ T cells [32,62-64].
Furthermore, Pushalkar and colleagues identified that the fecal bacterial
extract from mice which had developed PDAC had a suppressive impact on
macrophage function as evidenced by reduced expression of MHC class 2,
which is critical for the initiation of the antigen-specific anti-tumor immune
response and increased pro-inflammatory cytokine IL10 expression through
Toll-like receptor-dependent signaling. Furthermore, splenic macrophages
treated with fecal cell-free microbial extract from PDAC mice mitigated
CD4+ and CD8+ T cell activation which are important to exert anticancer
immunity [65-67]. The fecal microbial components had a negative effect
on the host antitumor immune cell activity which may be attributed to the
enhanced pancreatic carcinogenesis phenotype in preclinical murine models.

In an independent study by Thomas and colleagues, they found
that the ablation of the gut microbiota by a cocktail of wide spectrum
antibiotics reduced the pancreatic cancer burden in both a xenograft and
the Kras®'2P/+;PTENI¥+:Pdx1-Cre genetic mouse model of pancreatic
cancer [33]. Despite evidence for the existence of intratumoral microbes,
debated as a potential instigator of pancreatic carcinogenesis [31,32], Thomas
et al did not detect microbes by culture or qPCR in their subcutaneous
PDAC xenografts, yet the same pro-tumor phenotype of gut microbiota
was observed, suggesting that the gut microbiota plays a role in pancreatic
carcinogenesis independent of the local tumor microenvironment [33]. In
addition, they identified a higher immune cell infiltration in the tumor
microenvironment after antibiotic-mediated microbiota depletion in NOD-
SCID mice harboring human PDAC xenografts. Since NOD-SCID mice
only possess innate immunity, their study highlights the potential microbial
impact on host anti-PDAC innate immunity. However, a study conducted by
Sethi and colleagues found that antibiotic-mediated gut microbiota depletion
did not decrease the size of KPC-derived xenograft growth in Ragl~'~ mice,
which also possess only innate immunity [68]. This conflict may be due to
differences in the regimen and delivery of the antibiotics for their microbiota
depletions, housing conditions, or nutrition [69-71]. Although antibiotic-
mediated microbial depletion has been utilized widely in the field to study
the function of the microbiome, the criticism that the use of antibiotics
may theoretically impact the host metabolism and therefore tumor growth
exists [72—74]. The use of GF mouse models are therefore required to resolve
this criticism. From a translational standpoint, long-term broad-spectrum
antibiotics treatment in PDAC patients to alter the course of the disease is
not a viable option given evidence that suggests increased risk and mortality
in cancer patients [75-77]. In addition, the broad disruption of the gut
microbiota through antibiotic use may cause an impaired antitumor immune
response and also affect the response to immunotherapy [21,78]. Routy and
colleagues found that lung and kidney cancer patients treated with antibiotics
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Fig. 2. Microbiota may influence the chemotherapeutic agents utilized in pancreatic cancer treatment in multiple ways. The presence of bacteria expressing
cytidine deaminase can directly metabolize gemcitabine and therefore render the drug inactive [31]. Fusobacterium nucleatum can elevate cancer cell

antiapoptotic signaling and induce a therapeutic resistance towards 5-FU [98]. However, not all the microbial components are deleterious toward chemotherapy
efficacy. Gut microbiota could prime the action of myeloid producing reactive oxygen species in response to oxaliplatin to achieve an improved cytotoxicity
[100]. In addition, the microbiota can increase the toxicity of chemotherapeutic regimens. Bacteria expressing B-glucuronidases can cleave the inactive

irinotecan into its active form and induce gut toxicity and mucositis, subsequently limiting the effective dose of chemotherapy that can be delivered [85,99].

(before, during, or after anti-PD1/PDL1 treatment) had significantly lower
overall survival [79]. Studies by Matson et al. and Gopalakrishnan et al. found
similar results in melanoma patients receiving anti-PD-1 treatment [80,81].
Based on the above studies that components of the microbiota accelerate
pancreatic carcinogenesis, it may be natural to think that the microbiota
could be depleted in patients with PDAC to improve survival. However, this
simplistic view does not take into account the off-target effects as described
and more investigations are needed to determine a more precise way to
modulate the microbiota and create a beneficial impact for PDAC patients.
Nevertheless, based on these major studies, harnessing the gut microbiota for
potential treatment purposes or to alter PDAC progression warrants further
investigation.

Microbiome as a predictor of response to therapy

Bacteria have been previously shown to alter the efficacy of medications
through their metabolic processes [82,83]. The implications for the care
of cancer patients are multifaceted and include decreased/increased drug
efficacy through metabolic processes or increased chemotherapy toxicity
which indirectly reduces drug efficacy because of the need for dose alterations
[84—87]. Prior research also suggests that antibiotic exposure may have an
impact on treatment efficacy in a variety of malignancies and may explain the
resistance of PDAC to chemotherapy and the common issue of recurrence
even after multimodality treatment that includes chemotherapy and surgery
[79-81,88]. The chemotherapy backbone for the treatment of pancreatic
cancer most often involves gemcitabine or 5-fluoruracil (5FU)-based therapy
[89-94]. Recent in vitro and in vivo evidence suggests that E. coli can decrease
the efficacy of gemcitabine through increased metabolism of the drug.
Based on mass spectroscopic analysis and predicted gemcitabine-metabolized
derivatives, it is hypothesized that bacterial acetylation is the responsible
mechanism [95]. Furthermore, Geller and colleagues demonstrated that
bacteria from the class Gammaproteobacteria express an isoform of cytidine
deaminase which was able to metabolize gemcitabine in a colon cancer
xenograft mouse model in a more rapid fashion (long form cytidine
deaminase; CDDy ), imparting resistance to the drug [31]. Furthermore, 16S

rRNA gene sequencing was performed on 65 PDAC tissue samples derived
from resected patients and demonstrated Gammaproteobacteria as the most
common class (51.7%), represented primarily by the Enterobacteriaceae
(which expresses CDDy) and Psendomonadaceae families. Subsequent culture
of bacteria derived from 14 of 15 fresh PDAC samples were able to
render the human colorectal cancer cell lines, RKO and HCT116, resistant
to gemcitabine therapy. Once the primary chemotherapy agent to treat
pancreatic cancer, 5-FU was supplanted by gemcitabine after the later
demonstrated a modest survival advantage compared to 5-FU in patients
with advanced pancreatic cancer [96]. However, since the introduction
of FOLFIRINOX (5-FU, leucovorin, irinotecan, and oxaliplatin) in the
adjuvant and metastatic setting for PDAC, with both indications having
superior survival outcomes to gemcitabine alone, attention has turned back
to combinatorial 5-FU therapy [2,7].

Interestingly, multiple components of the FOLFIRINOX regimen have
been shown to be impacted by bacteria. A thymidylate synthase inhibitor, 5-
FU blocks synthesis of thymidine and results in cessation of DNA replication
in exposed cells. Prior work by Yuan and colleagues demonstrated that
alteration of the gut microbiota with antibiotics reduces the efficacy of
5-FU in the treatment of colorectal cancer xenografts in BALB/c mice
[97]. Furthermore, evidence suggests that Fusobacterium nucleatum leads
to upregulation of BIRC3, an inhibitor of apoptosis. When the human
colorectal cancer cell lines, HCT116 and HT?29, were infected with £
nucleatum and treated with 5-FU, the cell lines expressed greater levels of
BIRC3, concomitant with decreased sensitivity to 5-FU [98]. Furthermore,
high levels of £ nucleatum in resected colorectal cancer specimens
subsequently correlated with 5-FU resistance as indicated by decreased
recurrence-free survival in these patients. The microbiota has not only been
shown to decrease drug efficacy directly, but irinotecan is a chemotherapeutic
agent in which its efficacy is indirectly inhibited by reactivation of metabolic
products, subsequently resulting in supratherapeutic levels that result in
dose-limiting gastrointestinal toxicity. Specifically, irinotecan is inactivated
in the liver by glucuronidation and its metabolites subsequently released
into the gastrointestinal tract via the biliary system. These metabolites are
normally excreted in feces but symbiotic bacteria in the gut that produce
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Fig. 3. Several areas along the surgical continuum of pancreatic cancer screening, neoadjuvant/adjuvant treatment, outcomes, and surveillance lend itself to

involvement of the microbiome. Evidence exists for the involvement of the microbiome in these critical areas that have the potential to impact survival for

patients with PDAC.

B-glucuronidases are able to cleave the glucuronide moiety which recreates
the active form of irinotecan intraluminally, resulting in intestinal mucosal
damage and dose-limiting diarrhea [99]. Despite these deleterious examples
of the gut microbiota with chemotherapy efficacy, the gut microbiota could
also have a positive impact, raising the possibility of using elements of the
microbiome in conjunction with currently available therapeutics. Oxaliplatin
efficacy has been demonstrated to be related to the microbiota by liad et al.
[100]. Specifically, oxaliplatin treatment of mice bearing EL4 lymphoma
xenografts resulted in higher reactive oxygen species (ROS) in microbiota-
intact C57Bl/6 mice compared to mice with antibiotic-mediated depletion
of their microbiota. These ROSs are responsible for the cytotoxic effect
of oxaliplatin. Subsequently, induction of ROSs by oxaliplatin was shown
to be dependent on nicotinamide adenine dinucleotide phosphate oxidase
2 which is expressed in phagocytic cells. Antibiotic treated and GF mice
had decreased DNA damage and tumor infiltration of myeloid cells capable
of producing ROS secondary to oxaliplatin administration, resulting in
larger tumors compared to WT control. This effect was mediated through
reduced microbial product sensing and signaling via Myd88, suggesting that
bacteria “prime” myeloid cells capable of producing ROSs in response to
oxaliplatin. These studies suggest that the microbiota may play in a role in

PDAC chemotherapy resistance, efficacy, and toxicity (Figure 2). This has the
potential implication for individualized chemotherapy treatment for patients
with pancreatic cancer, regardless of its use in the neoadjuvant, adjuvant, or
palliative setting.

Surgical implications of the microbiome in the
treatment of pancreatic cancer

Pancreatectomy for pancreatic cancer is a complex operation that, like
other surgeries, has the potential for complications. The most discussed
and notable complication is a postoperative pancreatic fistula (POPF) which
can range in severity and outcome [101]. Prior research has demonstrated
that patients who develop postpancreatectomy complications, such as POPF,
are less likely to receive adjuvant therapy and subsequently have decreased
survival compared to patients without postpancreatectomy complications
[102]. Interestingly, patients with a POPF that is positive for bacterial growth,
compared to sterile POPF collections, have a higher risk of postoperative
hemorrhage (42.4% vs 21.7%, P= 0.009), sepsis (38.1% vs 6.5%, P<
0.001), and 90-day mortality (19.5% vs 4.3%, P= 0.013), respectively [103].
Whether this bacterial contamination is causative or associative is open for
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Table 1

Current clinical trials involving the microbiome and pancreatic cancer.

Study Title Approach Sample Collection Location Status Identifier
The Mechanism of Enhancing 16S rRNA sequencing Stool China Recruiting NCT04203459
the Anti-tumor Effects of Stool supernatant treated
CAR-T on Pancreatic Cancer anti-msin CAR-T cell
by Gut Microbiota Regulation function in vitro
Microbial Diversity of 16S rRNA and Stool, peripheral China Not yet recruiting NCT03809247
Pancreatic Diseases metagenomics blood
sequencing
Microbiome analysis in 16S rRNA sequencing Oral, stool Netherlands Not yet recruiting  NCT04189393
esoPhageal, Pancreatic and
Colorectal CaNcer Patients
Undergoing Gastrointestinal
Surgery
A prospective translational 16S rRNA sequencing Blood, urine, stool, United Kingdom Recruiting NCT03840460
tissue collection study in saliva, bile,
early and advanced PDAC tissue
and pancreatic
neuroendocrine tumors to
enable further disease
characterization and the
development of potential
predictive and prognostic
biomarkers
Oral microbiome and 16S rRNA sequencing Oral United States Completed NCT03302637
pancreatic cancer
The microbiome of pancreatic  Unspecified method Oral, bile, Italy Recruiting NCT04274972
cancer: “PANDEMIC” study Qualitative and pancreas
quantitative measurement
(unspecified)
Colonization of bile ducts and Unspecified method Bile France Completed NCT03525067
postoperative infectious Bile sampling for bacterial
complications of examination
pancreaticoduodenectomies
One time injection of bacteria Intratumoral injection of N/A United States Terminated NCT00358397
to treat solid tumors that clostridium novyi-NT
have not responded to spores

standard therapy

investigation but evidence exists for bacteria contributing to gastrointestinal
anastomotic leaks [104]. Schmitt and colleagues [105] performed 16S rRNA
gene sequencing on stool samples from patients prior to pancreatectomy and
compared the microbiota community structure to at least two samples within
the first ten days in the post-operative period as well as to additional samples
when a complication was diagnosed. Three unique bacterial communities
were noted with increased abundance of operational taxonomic units
composed of Akkermansia, Enterobacteriaceae, and Bacteroidales as well as
a decrease in Lachnospiraceae, Prevotella, and Bacteroides, in patients with
increased risk of post-operative complications compared to the other two
groups. Given these findings, it is imperative to mitigate risk factors that
contribute to complication risk for which the microbiome may play an
integral role.

The microbiome as a predictor of postoperative
survival in pancreatic cancer

In addition to the potential application of gut microbiota in PDAC
detection, the characteristics of intrapancreatic tumor microbiota is proposed
to predict survival for patients with PDAC. Riquelme and colleagues
investigated a cohort of patients who underwent surgical resection of PDAC
and dichotomized them into 21 long-term survivors (LTS) and 22 short-

term survivors (STS) [59]. A positive association was noted in the LTS
cohort compared with STS based on increased intrapancreatic microbiota
diversity. Subsequently, the finding was validated in a second independent
patient cohort of 15 LTS and 10 STS from a different institution. Bacteria
genus Saccharopolyspora, Pseudoxanthomona, Streptomyces, and species Baccilus
clausii had excellent capacity to predict LTS after pancreatectomy by
receiver operator characteristic analysis as indicated by an area under the
curve of 97.5 in the discovery cohort and 99.2 in the validation cohort).
Furthermore, immunohistochemistry and immunofluorescent staining with
various immune cell markers revealed a significant correlation between CD3,
CD8, and Granzyme B positive tissue expression and long-term PDAC
survivorship after resection. Interestingly, when the antibiotic-treated mice
were orally gavaged with stool derived from LTS or STS patients, the mice
with orthotopic pancreatic cancer xenograft derived from syngeneic KPC
mice recapitulated the patient tumor growth phenotype iz vivo. Overall, the
tumor and fecal microbiota of pancreatic cancer patients may serve as a potent
biomarker to predict patient survivorship.

Current clinical trials

With the expanding knowledge of the mechanistic role of the pancreatic
oncobiome in the laboratory, in order to make the translational leap
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to the clinical realm, a number of trials investigating the potential role
of the microbiome during PDAC diagnosis and treatment have been
implemented (Table 1). Studies investigating the gut microbial composition
during pancreatic carcinogenesis will provide a more comprehensive
insight into diagnostic microbial biomarker identification (NCT03809247,
NCT03840460). An ongoing study investigating alterations of the oral and
fecal microbiomes due to gastrointestinal surgery, may provide potential
information on the surgical management for PDAC. In addition, an ongoing
study aims to determine the role of PDAC-associated gut microbiota on
anti-msln CAR-T cell functions. With these joint efforts, a fundamental
understanding of the role of the microbiome during PDAC carcinogenesis
and its potential role in therapy may be determined.

Future areas of research

With increasing evidence demonstrating the link between microbiota and
pancreatic cancer progression and therapeutic response, more comprehensive
studies are needed to decipher the mechanisms of how microbiota
modulation may occur and what effect could be achieved on PDAC
progression and treatment. In particular, understanding which bacterial
species or groups having the capacity to enhance or inhibit pancreatic cancer
development and therapeutic efficacy may subsequently provide a potential
microbial target or at least begin to interrogate culprit pathways. A subsequent
patient-centric, microbial-based targeting strategy may offer new hope for
pancreatic cancer therapeutics. Although bacteria have been the most studied
component of the host microbiome, as they are the most predominant
microorganism comprising the microbiota, other essential components of
the human microbiome include the virome (viruses) [106] and mycobiome
(fungus) [107] which have also been shown to influence host disease
development. A recent study suggested that fungi may also be involved in
the process of pancreatic carcinogenesis. Aykut et al. identified the presence
of fungi in human pancreatic cancer tissues by using fluorescent in situ
hybridization staining with 28S rRNA probe [108]. By using a KC mouse
model of PDAC, ablation of the mycobiome with amphotericin B protected
the mice against oncogenic progression and offered additive antitumor impact
to gemcitabine. More research is needed to broaden our understanding on the
function of host microorganisms on pancreatic carcinogenesis with respect to
fungi and viruses.

Given that multiple studies have implicated an interaction of host
microbes with the host immune system in not only PDAC, but other
malignancies as well, it is of great importance to understand the
impact of defined microbial compositions on host anti-tumor immunity,
tumor biology, and therapeutic response. Essentially, understanding specific
microbial functions through their mechanisms of action, and biochemistry
of their metabolites may provide potential novel treatment algorithms for
pancreatic cancer treatment. Furthermore, research on diet intervention,
probiotics, and prebiotics to modulate gut microbiota and pancreatic
carcinogenesis remains an under-investigated area and requires more
attention, as it has the potential of being a noninvasive intervention to
mitigate the risk of PDAC development or to alter treatment response.

Conclusion

Given the deadly nature of pancreatic cancer and its limited treatment
options, the microbiome may provide insight into the screening, diagnosis,
and treatment of patients with this deadly disease (Figure 3). Physicians
and healthcare providers who care for patients with pancreatic cancer
must be aware of implications of the microbiome in pancreatic cancer
and this developing field. Interventions to alter the gut microbiota may
serve to modulate factors associated with pancreatic carcinogenesis and
enhance treatment. Overall, microbiota modulation holds great therapeutic

promise but further research regarding mechanisms and potential therapeutic
approaches to microbial modification are required.
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