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Abstract

Investigations focused on the interplay between the human microbiome and cancer development,
herein termed the ‘oncobiome’, have been growing at a rapid rate. However, these studies to date
have primarily demonstrated associative relationships rather than causative ones. We pose the
question of whether this emerging field of research is a ‘mirage’ without a clear picture, or truly
represents a paradigm shift for cancer research. We propose the necessary steps needed to answer
crucial questions and push the field forward to bring the mirage into a tangible reality.

The Oncobiome Mirage Appears

Of all human maladies, nothing strikes fear into our hearts, minds, and souls as cancer. A
diagnosis of hypertension, diabetes, or any other litany of chronic diseases that can be
controlled with medication will produce a very different response than that of cancer.
Researchers therefore press forward, attempting to uncover the smoking gun to explain
tumor susceptibility, initiation, and progression. This search has been tried countless times
with similar, often discouraging, results. What then makes investigators think that work
involving the host microbiota and cancer will be any different, or is it all only a mirage?

The microbiota encompass a wide variety of microorganisms (bacteria, viruses, protozoa,
fungi, and archea) and this eclectic ecosystem shares the body space of every individual,
creating a commensal, symbiotic, and pathobiont relationship that has garnered increasing
attention regarding its role in carcinogenesis (see Glossary) [1-5]. Of all the body surface,
the gastrointestinal tract harbors the greatest number and diversity of microbes in the human
body, with bacteria representing the bulk of the microbiota (1012 bacteria/gm feces) [6].
Although the oncogenic role of viruses has been recognized [5], bacteria represent the chief
member of the microbiota and will be the focus of this discussion. Perhaps the most
recognized link between bacteria and cancer is the case of Helicobacter pylori and non-
cardiagastric carcinoma [7,8]. This bacterium has been shown to secrete several virulence
factors such as CagA (cytotoxin-associated gene A), VacA (vacuolating cytotoxin A),
urease, and NapA2 (neutrophil-activating protein A) that result in oxidative stress, chronic
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inflammation, and host DNA damage that can lead to carcinoma [9-11]. Considering that H.
pylori has been designated a type I carcinogen by the World Health Organization [12,13],
several clinical trials have been performed to modulate the risk of gastric cancer by
eradicating the bacteria in infected individuals [14,15]. A recent meta-analysis of six
randomized controlled trials demonstrates a slight risk reduction of gastric cancer with H.
pylori elimination [16]. Despite this link between a pathogenic organism and carcinogenesis,
there still has been little direct evidence that the symbiotic microbiota modulates
carcinogenesis in humans. The relationship between cancer and the host microbiota, to be
termed the ‘oncobiome’, could be a mirage: we have an idea of an image in the distance but
are uncertain of its true reality or significance. What is known is that more people are taking
notice of this mirage — but is it real?

For our interpretation of the oncobiome to become clearer, we have much more to uncover.
Much of oncobiome research is currently focused on colorectal cancer (CRC), which has
been considered the ideal malignancy to study the effects of the host-microbe relationship
on carcinogenesis and will serve as the model for most discussion points in this article. This
focus is for obvious reasons as the large intestine harbors the greatest number and diversity
of microbes in the human body (1012 bacteria/gm feces) [6]. Multiple studies using
advanced genomic approaches have expanded the relationship between intestinal microbes
and CRC development [17-26]. However, these investigations have mostly yielded
circumstantial evidence implicating bacteria in CRC, and should give pause to those delving
into the field because the mirage may be deceiving.

What Does the Mirage Look Like?

Our current interest and vision of the oncobiome developed over a century ago with the
identification of bacteria in cancer specimens [27]. Since that time this association has been
further explored [28] as well as the differences in fecal bacterial composition in populations
at risk for CRC development [29]. Carcinogenesis is inherently a process of inflammation,
with many proinflammatory and immunosuppressive pathways acting along the neoplastic
process (Box 1) [30—-32]. These immunological pathways have been functionally
investigated in humans and mouse models of cancer, including CRC [33-40]. With a well-
established impact of microbial products on the innate and adaptive immune system [41—
45], one could speculate that bacteria could influence carcinogenesis through immune
responses. The concept is clearly illustrated in a mouse model of impaired intestinal barrier
function where the exposure of immune cells to the microbial product lipopolysaccharide
(LPS) favors intestinal tumor growth through the action of interleukin (IL)-23/IL17 [46].
Although the link between microbial products, inflammation, and carcinogenesis is firmly
established, the role of microbes acting as a consortium on neoplasia is less clear. Using
genomic approaches, multiple studies have compared the intraluminal and mucosal surface
microbiota between healthy patients and those with CRC [19,20,23,47,48]. Although no
consensus ‘cancer-biota’ has emerged from these studies, it appears that the abundance of
taxa associated with a protective function (e.g., Roseburia) decreased while taxa with
potential deleterious effects (e.g., Escherichia/Shigella, Klebsiella, Fusobacterium)
increased in either stool or mucosal location [49]. These studies therefore suggest that
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microbial dysbiosis is associated with CRC development. Whether these associations are
causative and can therefore modulate initiation, progression, or metastasis remains unclear.

Nevertheless, the concept that dysbiosis could be linked to CRC pushed investigators to test
whether microbial genes could serve as cancer biomarkers [50,51]. These studies showed
that the detection of non-invasive, early-stage CRC could be feasible by using taxonomic
microbial markers. Although microbial biomarkers do not need to be functionally linked to
CRC to be clinically useful, the study of microbial genomics in relation to CRC
pathogenesis must push beyond the associative phase to significantly contribute to disease
knowledge. Adding complexity to this issue, microbiome data are not informative of the
organizational level of microbial communities in a given niche. A recent study has
reinforced the notion that genomic analysis of fecal samples alone may provide limited
information on host-microbiota interaction in CRC [52]. Indeed, right-sided colon tumors
are more likely associated with biofilm-producing bacteria because they were present in
89% of samples versus only 12% of left-sided tumors associated with biofilm-producing
bacteria. In addition, subjects with biofilm-positive tumors possessed biofilm aggregates that
were distant from their tumors and that were associated with normal mucosa, perhaps
indicating susceptibility to such colonization. Clearly, microbes living in a planktonic state
exhibit a different phenotypic and metabolomic profile than those organized in a biofilm
community [53-56], and this must be accounted for in future investigations.

Even assuming a single causative organism, which is unlikely to be the case, difficulties
culturing specific microbes to fulfill Koch's postulate have created barriers to establishing
cancer causation. Nevertheless, evidence gathered from preclinical models hint at a
functional role of microbes in CRC. For example, ger m-free (GF) Fischer rats demonstrated
decreased spontaneous tumor formation compared to conventionally housed rats, as well as
decreased intestinal tumors in a 1,2-dimethylhydrazine-induced model of carcinogenesis
[57,58]. In addition, utilizing the adenomatous polyposis coli (APC) multiple intestinal
neoplasia (Min) murine model of colon carcinogenesis, which possesses a point mutation in
the murine homolog of the human APC tumor-suppressor gene that results in multiple
(>100) intestinal adenomas [59], a reduction in colon tumors was noted in GF ApcMi* mice
compared to conventionally housed controls [60]. Finally, increased carcinogenesis was
noted after the enteral introduction of Fusobacterium nucleatum or enterotoxigenic
Bacteroides fragilis, in ApcMi* mice confirming the effect of bacteria on cancer formation
invivo [47,61]. However, as opposed to IBD where antibiotic usage has shown some clinical
effectiveness [62—64], no such clinical studies are available for CRC. Despite these data in
favor of the oncobiome, the microbiota may also prevent carcinogenesis through protective
mechanisms, detoxification, or anticancer metabolites [65-67]. Precedence has nevertheless
been established that supports a potential modulatory role for microbes in carcinogenesis
[57,58,60,68]. However, these models do not replicate clinical reality, and CRC-causing
bacteria in mouse models have not been confirmed by observational studies in humans.

The Ever-Changing Mirage

While the oncobiome mirage has not revealed the oasis of desired answers, the image is
beginning to morph from bacterial association to causative pathways. Despite the fact that
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prospective/longitudinal studies have not been able to assess CRC risk in patients based on
changes in their microbiota, animal studies have begun to interrogate the mechanistic details
of bacteria-associated carcinogenesis. Current studies are focusing on the links between
CRC and toxic bacterial metabolites, diet-induced changes, and bacteria-derived genotoxic
substances, albeit unproven in human studies. For example, under eubiotic conditions the
microflora ferments ethanol into acetaldehyde and carbohydrates into the three primary
short-chain fatty acids, acetate, propionate, and butyrate [69,70]. It has been demonstrated
that a correlation may exist between low-butyrate and high-acetate levels in patients with
adenomatous polyp formation and colon cancer [71,72]. Although no difference in the
overall bacterial community was demonstrated, titers of the butyrate-producing species
Ruminococcus and Pseudobutyrivibrio ruminis were lower in CRC stool specimens, which
correlated with lower butyrate levels [72]. While preclinical models have demonstrated a
role of microbe-derived butyrate in dampening colitis-associated CRC development, similar
studies have shown the opposite effect [73—77]. This may be secondary to host genetics or
possible implications of dietary fiber [78], thus setting the stage for microbial activities
being central to diet-induced carcinogenesis. The role of butyrate and other diet-induced
metabolites in carcinogenesis likely requires further investigation.

In addition to the products of carbohydrate metabolism, toxins from bacterial metabolism
have likewise been implicated in CRC. For example, a variety of ingested compounds and
nutritional components are metabolized by host microbes into potentially pro- and
anticarcinogenic metabolites [69,79,80], such as the metabolism of proteins into N-nitroso
compounds, ammonia, polyamines, and hydrogen sulfide. Colonic epithelial exposure to
these metabolites results in chronic inflammation [69,81-86]. The role of these compounds
in CRC development is in many ways still hypothetical, and may be related to direct dietary
ingestion rather than to byproducts of bacterial metabolism [87]. However, these studies are
limited in that they rely on the local effects of microbiota-produced toxins, such as
inflammation and epithelial cell damage in the case of CRC. Although potentially important,
studies have not taken into consideration carcinogenic mediators that may act from distant
sites [88-91]. It is currently unknown if systemic absorption of such metabolites infers the
same potential cancer susceptibility as seen experimentally at the local (epithelial) level.
While the production of pro- and anti-inflammatory metabolites by the commensal system
has been implicated in CRC initiation and progression, the data regarding an actual causal
relationship still do not exist [21,24,92]. Furthermore, fecal samples alone should not be
relied upon for investigating the influence of microbial metabolites on carcinogenesis
because metabolites from various sources can be detected in serum and urine samples, and
may correlate with gastrointestinal dysbiosis or CRC risk. Metabolomics of serum and urine
samples should therefore be undertaken to detect dysbiosis and cancer risk because fecal
samples alone may not account for metabolites that have been absorbed by the host [93-97].
It is these metabolites, and their resultant influence on the host, that will potentially play a
large role, if one exists, in cancer development and demands further investigation. The
development of computational algorithms capable of integrating the vast amounts of
heterogeneous biomedical data (metabolites, GWAS, etc.) may help to generate an
interacting map between microbial metabolites and host cancer susceptibility, and foster
design of hypothesis-driven experiments.
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Moreover, bacteria-derived genotoxic substances have garnered attention for their direct
ability to impart DNA damage, which is distinct from genotoxicity from byproducts of
bacterial metabolism such as hydrogen sulfide and reactive oxygen species [69,82,85,86,92].
An example of such a genotoxin is colibactin, encoded by the polyketide synthase (pks)
genotoxicity island, which is found primarily in the Enterobacteriaceae family of bacteria, of
which E. coli of the B2 group represents the main carrier [98]. The genotoxic effect of pks-
positive strains of E. coli is likely secondary to the induction of double-strand DNA breaks
with subsequent cell cycle arrest and genomic instability [66,99,100]. Previous studies
showed that colonic mucosal samples from patients with CRC had a higher prevalence of
pks-positive E. coli compared to controls [99,101,102]. Although preclinical models showed
that pks-positive E. coli strains promote CRC [99,101,103], the link between high E. coli
prevalence, genotoxicity, and neoplasia in human CRC has not been demonstrated.
Therefore, the microbiota-mediated mechanisms of cancer initiation and progression, at least
as it currently stands for CRC, are potentially multifold. As the mirage changes, further
details regarding a potential role for specific microbes, microbial metabolites, and/or
genotoxic agents will be necessary to maintain a clear image.

How to Make the Mirage Clearer

To pass the correlative threshold of oncobiome research and move into causative territory, a
variety of studies using human-derived, cancer-associated microbes are necessary (Figure
1). For example, it would be important to determine the oncogenic potential of both human
biofilm-positive and luminal microbial communities in preclinical models and to define their
carcinogenic activities. This is especially important given that studies using stools from
either healthy subjects or CRC patients have provided surprising results on the relationship
between luminal bacteria and CRC, such that CRC development was more prominent in GF
mice transplanted with stools from healthy subjects than those from CRC patients [104].
Therefore, although CRC is communicable between mice [105], the transfer of
carcinogenesis between human and mouse remains to be established. Preclinical models
using transmission of these microbes would therefore help to define the natural history of
both sporadic and hereditary forms of carcinogenesis, as has been used to study the impact
of early E. coli pks* colonization on intestinal mucosa [106].

Moreover, it is important to understand if the acquisition of microbes with carcinogenic
potential at birth influences CRC development later in life? It is known from kindred data
and population studies that the age of onset for people with predispositions to cancers, such
as hereditary breast or gastric, or those associated with chronic inflammatory states such as
CRC with ulcerative colitis, is younger than for sporadic forms ([107-112]; National Cancer
Institute Surveillance, Epidemiology, and End Results (SEER) Program Fact Sheets: Breast
Cancer, http://seer.cancer.gov/statfacts/html/breast.html; Colon and Rectum Cancer, http://
seer. cancer.gov/statfacts/html/colorect.html; Stomach Cancer, http://seer.cancer.gov/
statfacts/html/stomach.html). This demonstrates a potential lead-time between genetically
induced and microbe-induced cancers, and likely represents different timelines of
progression. Regardless, the question remains: is microbial carcinogenic activity triggered
early upon colonization or is it under the influence of external factors (diet, inflammation, or
environment)? Evidence exists that our microbiota are established in utero and develop

Trends Cancer. Author manuscript; available in PMC 2016 September 01.


http://seer.cancer.gov/statfacts/html/breast.html
http://seer.cancer.gov/statfacts/html/colorect.html
http://seer.cancer.gov/statfacts/html/colorect.html
http://seer.cancer.gov/statfacts/html/stomach.html
http://seer.cancer.gov/statfacts/html/stomach.html

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thomas and Jobin

Page 6

rapidly, but with stable diversity during the first year of life, and continue to increase in
abundance throughout the first decade [113-115]. This may suggest that alteration of the
microbiota during life via external factors (diet, environment) alters cancer susceptibility.
The nding that the E. coli pks* strain fails to promote CRC in a model of colitis-associated
CRC highlights the complex interaction between microbes and host [116]. In this study, the
authors showed, using 1110™~ mice defective in mature T and B lymphocytes, that
development of colitis-carcinogenesis led to transcriptional changes in E. coli gene
repertoire, including genes present in the pks genotoxic island.

Furthermore, could microbe-derived carcinogenic molecules and genes be detected in CRC
patients and do they correlate with malignancies? For example, expression of the F.
nucleatum virulence factor FadA (Fusobacterium adhesin A), which is implicated in
bacterial attachment and invasion, is increased in carcinoma tissues of CRC subjects and
correlates with oncogenic and inflammatory host gene expression (Box 1) [117]. Similarly,
the bft (Bacteroides fragilis toxin) gene responsible for the enterotoxic properties of
enterotoxigenic Bacteroides fragilisand CRC development in ApcMiV* mice [61] was found
in a greater proportion of colon cancer specimens than healthy mucosal controls, suggesting
a role for this bacterial toxin in carcinogenesis [118]. Finally, as the data on the interaction
of the microbiota with the host immune system and tumor microenvironment mature
[6,47,66,119], utilizing mice with humanized immune systems in conjunction with human
microbes will prove crucial in dissecting the interaction between host microbes and the
immune system in carcinogenesis [120,121].

As insight is gained regarding the oncobiome, focus will be placed on treatment of human
diseases and mitigating cancer risk. Growing research has demonstrated the influence of the
host microbiota on various chemotherapeutics [119,122,123]. Because not all chemotherapy
trials result in drug efficacy against their targeted cancer, it can be hypothesized that this
may be secondary to intestinal dysbiosis, which was not accounted for during trial design
[124]. As such, it would be advantageous if these trials incorporated microbiota studies to
correlate drug efficacy with microbial composition.

Finally, although the oncobiome in CRC is presently the most mature area, other
malignancies demand attention. Gastrointestinal tumors (e.g., esophageal, gastric,
hepatobiliary, and pancreatic) seem to be natural starting points, and the findings of CRC-
microbiota research are potentially directly applicable to these malignancies as well.
However, it is currently unknown what fluid/tissue sample(s) from these organs best reflect
their unique microbiota. For example, is the microbiota of the bile, pancreatic fluid, or
duodenum most reflective of hepato-pancreatobiliary (HPB) malignancies, or are these
malignancies not influenced by their local microbiota but instead by microbiota from distant
sites? The difficulty then becomes sample acquisition because obtaining such samples
requires invasive procedures. However, one solution could be to recruit patients for trials
who require upper endoscopy as part of their cancer workup. With these samples, future
studies can initially focus on understanding the normal biota and later its possible
connection between microorganisms and carcinogenesis.
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Have We Reached the Mirage?

That the microbiota can cause cancer is a unique and potentially paradigm-shifting event.
What then is to be done if particular bacterial species are confirmed to cause cancer?
Hypothetical interventions would be based on the considerations of screening, treatment,
and surveillance for each particular cancer (Figure 2). Using CRC as an example, screening
begins at the age of 50 years for patients at average risk, and oncobiome tests could
potentially augment or replace current screening modalities. For example, one National
Comprehensive Cancer Network recommendation is that stool-based high-sensitivity guaiac
or immunohistochemical testing be performed annually. This testing aims to detect occult
blood and has been shown to reduce CRC mortality [125-127]. Because adenomatous (pre-
malignant) polyps and early cancers may bleed only intermittently, if at all, this testing has
the disadvantage of not being able to detect these lesions, prompting the recommendation to
test three successive specimens. Emerging technologies rely on the detection of mutated
APC or KRAS genes, or vimentin methylation in tumor cells sloughed in the stool. Overall,
these tests have demonstrated poor sensitivity and specificity, and only one is currently
available in the USA [128-130]. This method of screening is costly and, similarly to other
screening methods, it relies on the detection of early signs or symptoms of cancer and thus is
not necessarily preventative. However, oncobiome screening could potentially be designed
to detect not only individual bacterial species associated with cancer but also dysbiosis long
before adenomatous polyps or cancer have developed. Indeed a recent study characterized
the microbiota from ‘healthy’ subjects and those with adenomas or CRC as confirmed by
colonoscopy [51,131], and found that, when combined with known clinical risk factors for
CRC (age, race, body mass index), combining six specific operational taxonomic units
(OTU) of gut microbiota in stool samples significantly increased the ability to differentiate
healthy subjects from those with adenomas or CRC. Likewise, taxonomic markers were
identified through metagenomic sequencing of fecal samples to distinguish CRC patients
from tumor-free patients [50]. While the sensitivity and specificity of the taxonomic markers
was similar to the currently used screening method of fecal occult blood testing (FOBT:
sensitivity 58% vs 49%, respectively; specificity 92%), their combined use with FOBT
increased the sensitivity of CRC detection by more than 45% compared to FOBT alone
(72% vs 49%, respectively), while maintaining the specificity (92%). While these data are
limited, they demonstrate the possibility of utilizing microbiota composition to predict
disease. It may therefore be envisaged that a proactive, as opposed to reactive, screening
strategy could be implemented to prevent cancer formation, possibly through dietary
modification as one example. However, while diet has previously been shown to alter the
host microbiota, the direct effect of dietary modification on carcinogenesis is currently
unresolved [132-134]. This screening strategy may also be useful for other malignancies as
more evidence emerges on the oncobiome: saliva for oropharyngeal cancers, sputum for
lung cancer, vaginal secretions for ovarian/uterine/cervical cancers, urine for renal and
urinary bladder malignancies, and potentially feces for other gastrointestinal malignancies.

In the field of oncology, it is the hope that with the screening and diagnosis of cancer will
come treatment options. Much effort has focused on individualized medicine, as evidenced
by the use of gene arrays and patient-derived tumor xenografts to help guide patient
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discussions on cancer treatment and recurrence risk [135-140]. Assuming that the host
microbiota plays a role in cancer, it too will provide an individualized approach to treatment.
The potential influence of the microbiota on drug efficacy has been highlighted, and may
have a great impact on future chemotherapy trials [119,123,141,142]. A situation can be
envisaged whereby the microbiota of each patient is tested, before starting a
chemotherapeutic treatment strategy, to choose the agents that will offer the greatest benefit.
In this manner, the oncobiome will enter the arena of personalized medicine for cancer care
with limitless possibilities.

Finally, as we gain a greater understanding of host eubiosis and the dysbiosis that occurs in
various diseases, it is intriguing to think about restoration of eubiosis after cancer treatment.
Typical cancer surveillance involves radiographic imaging which incurs a large financial
burden to the patient and the medical community. However, if the curative treatment of
cancer results in the restoration of eubiosis, this can be used to the advantage of the medical
community for the purpose of cancer surveillance while limiting the use of current
modalities. Much in the same way as the postoperative rise of serum carcinoembryonic
antigen (CEA) levels may indicate CRC recurrence [143-145], a state of dysbiosis after
postoperative restoration of eubiosis may indicate cancer recurrence or risk of recurrence.
Tests for dyshiosis could potentially improve or augment the sensitivity and specificity of
currently-available serum tumor markers, especially when one considers the fact that
commonly used tumor markers have variable sensitivity and specificity for the diseases they
aim to detect, are not produced in every clinical scenario by specific tumor types, and can
have false positives even in the setting of curative surgery [146-152]. Cancer survival could
be modified significantly by identifying patients who ‘relapse’ into a dysbiotic state.
Lifestyle, dietary, or pharmacologic modifications could therefore be made to restore
eubiosis and mitigate this risk. Alternatively, introduction of an entirely new microbiota
could be envisaged, similarly to patients with recurrent Clostridium difficile infection [153].

Concluding Remarks

Despite the fact that there is, as yet, no direct evidence linking the human microbiota to
cancer development and progression, the oncobiome field continues to grow rapidly with
many unanswered questions (see Outstanding questions). The appeal of microbiota as an
active component of diseases and health is too great to ignore, and intense investigation in
this field of research, especially cancer, would likely shed light onto this novel paradigm.
While some studies demonstrate the association of microbial populations with various
cancers, others have begun to interrogate the intricate relationship between the host, its
immune system, and its microbiota. Placing added focus on the oncobiome in the context of
clinical chemotherapy trials will undoubtedly yield important information with regards to
drug metabolism and efficacy. Finally, should elements of the host microbiota prove to have
a direct role in cancer development, the implications for cancer screening, treatment, and
surveillance are limitless. This dynamic field is only in its infancy, and advancing it will
require a concerted effort between the medical and scientific communities to view the
mirage as reality.
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Glossary

Commensal describes the relationship between two organisms in which one
benefits without affecting, or itself being beneficial, to the second
organism.

Dyshiosis a state whereby the microbial composition of the host is unbalanced or
skewed toward particular microorganisms as compared to the
composition of a ‘healthy’ host.

Eubiosis a state whereby the microbial composition of the host is of a normal
proportion that is typically found in ‘healthy’ individuals.

Germ-free refers to animals conceived, born, and raised in a sterile environment

(GF) and thus lack any microorganisms (except endogenous viruses).

M etabolomic the study of the specific metabolites produced by microbes, either
individually or collectively as part of the host microbiota.

Oncobiome the intricate interplay and study of the human microbiome and its
influence on cancer development.

Pathobiont microorganisms that normally behave in a symbiotic manner with their
host but exhibit pathogenic potential based on changes in their
abundance or environmental conditions.

Planktonic microbes that exist as single cells in a free-floating environment that
are typically fast-growing and susceptible to environmental influences/
drugs, as opposed to microbes in a biofilm which are slower-growing
communities of adherent bacteria that are more tolerant of
environmental influences.
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Trends

The ‘oncobiome’ is the expanding field of research investigating the role of the
microbiota and associated microbiome on human cancer development.

While particular bacteria, such as Escherichia coli, Bacteroides, and Fusobacterium, as
well as associated toxins/genotoxins, have been associated with colon cancer
development in mouse and human studies, there is no evidence that these microbes or
metabolites directly cause cancer.

The oncobiome field is currently limited by studies of microbiota association with
cancer, rather than with causation of cancer.

Should the influence of the oncobiome be confirmed, it can be envisaged that the
screening, treatment, and surveillance of cancer patients will one day incorporate this
research.
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Box 1. The Interplay Between Microbes, Inflammation, and Cancer

Although the majority of data for the interplay between host microbiota, inflammation,
and carcinogenesis involve investigations on CRC, many of these same pathways may be
applicable to other malignancies, particularly those that have a direct communication to
the gastrointestinal tract. Bacteria may exert deleterious effects on their host in several
ways, including metabolism of ingested material into toxic metabolites, direct secretion
of toxic substances, and promotion of inflammatory pathways. For example,
microorganism-associated molecular patterns (MAMPSs) are components of the microbe
such as lipopolysaccharide (LPS), flagellin, and nucleic acids that are recognized by the
host immune system via pattern recognition receptors (PRRs) [154-156]. The best-
characterized of these PRRs include Toll-like receptors (TLRs) and Nod-like receptors
(NLRs) family [157,158]. Upon binding of MAMPs to these PRRs, various host
responses occur that modify immune status. For example, LPS, present as part of the
outer membrane on Gram-negative bacteria [154,159], binds to TLR4 [160,161] which
upregulates I1L-6 [162] and tumor necrosis factor (TNF) production, with subsequent
recruitment of mononuclear cells, inhibition of T cell apoptosis, and inhibition of
regulatory T cell (Treg) differentiation [32,163]. These events lead to persistent and
unchecked inflammation. Furthermore, MAMPs serve to activate Th17 with subsequent
upregulation of the proinflammatory cytokine, IL-23, and inhibition of IL-10, an anti-
inflammatory cytokine [32]. These proinflammatory cytokines foster the neoplastic
cascade by promoting cellular proliferation and inhibiting apoptosis [164,165]. Based on
dietary carbohydrate consumption, byproducts of bacterial fermentation lead to the
production of short-chain fatty acids (SCFA) which, through various G protein-coupled
receptors located on colonic epithelium, activate CD4* T cells with differentiation into
regulatory T cells and the production of the anti-inflammatory cytokines I1L-10 and
transforming growth factor (TGF)- [69]. These mediators also serve to inhibit the
proinflammatory cytokines IL-6 and TNF. Therefore, in a state of dysbiosis whereby
decreased fermentation of carbohydrates into SCFAs leads to a relative decrease in the
anti-inflammatory signaling pathways, potentially leaving proinflammatory pathways
unchecked. This may further lead to disruption of normal epithelial barriers, resulting in
bacterial translocation and further aberrant signaling. Such dysregulation would
potentially lead to increased host cellular proliferation, decreased apoptosis, and
anchorage-independent growth — all hallmarks of malignant transformation [166].
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Outstanding Questions

What cancer-associated microbiota profiles result in cancer initiation in mice with
humanized immune systems?

Does the acquisition of microbes with carcinogenic potential early in life influence
cancer development later in life?

Is the carcinogenic activity of particular microbes triggered upon colonization, or is a
second ‘hit” from external factors (diet, environment, chronic inflammation) required?

What is the lead time between colonization with cancer-associated microbes and cancer
development?

Can microbe-derived carcinogenic molecules and/or genes be detected in human
specimens (stool, urine, saliva), and do they correlate with cancer presence, stage of
disease, or response to chemotherapy?

What patient samples are most reflective of the microbiota of a particular organ or
cancer? For example, is bile most reflective of hepato-pancreatobiliary malignancies or is
stool an appropriate surrogate?

Is dysbiosis a hallmark of particular cancers compared to healthy controls, and is
restoration of eubiosis after treatment for cancer an indicator of improved survival?

Can alteration of the microbiota of individuals at high-risk for cancer development
mitigate their risk?
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Figure 1. Proposed Oncobiome Studies Necessary to Progress the Field of Research
Cancer subjects (gray) or healthy subjects (white) are presented for each area of needed

investigation. (A) Cancer-associated microbiota (yellow) is transmitted to mice with
humanized immune systems to investigate their interaction with the human immune system
and their ability to cause cancer. (B) Patients at high risk or with a genetic predisposition to
cancer are treated with microbiota replacement therapy to restore eubiosis (blue). Patients
are compared to the general population and control subjects not treated with microbiota
replacement therapy for differences in cancer incidence. (C) The microbiota of cancer
patients are screened for known carcinogenic molecules and genes. Candidates are identified
and tested in vivo for their ability to cause cancer formation. (D) The microbiota of cancer
patients are determined before and after standard cancer treatment. Determination is made
regarding restoration of eubiosis and if continued or recurrent dysbiosis is associated with
cancer recurrence. (E) The microbiota of healthy subjects are determined prospectively and
correlated with the development of precancerous and cancerous lesions. (F) The microbiota
of healthy individuals are determined for various organ systems and body fluids. This will
prove crucial for future investigations and to determine if body fluids/specimens from one
site can act as a surrogate for a different disease site.
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Figure 2. Hypothetical Integration of the Oncobiome into the Care of Cancer Patients
Each area is divided into screening, treatment, and surveillance phases. Each phase

characterizes the microbiota of the patient based on the cancer to be screened/treated (i.e.,
feces for CRC). Treatment is based upon tested regimens that have demonstrated efficacy
with a particular microbiota or metabolite profile. It can be envisaged that patients who have
restoration of eubiosis will have improved cancer survival compared to those who maintain

or relapse to dysbiosis after treatment.
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