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Microbial communities that colonize in humans are collectively described as microbiome.
According to conservative estimates, about 15% of all types of neoplasms are related to
different infective agents. However, current knowledge is not sufficient to explain how the
microbiome contributes to the growth and development of cancers. Large and thorough
studies involving colonized, diverse and complex microbiome entities are required to identify
microbiome as a potential cancer marker and to understand how the immune system is
involved in response to pathogens. This article reviews the existing evidence supporting the
enigmatic association of transformed microbiome with the development of cancer through
the immunological modification. Ascertaining the connection between microbiome and
immunological responses with risk of cancer may direct to explaining significant advances in
the etiology of cancer, potentially disclosing a novel paradigm of research for the

management and prevention of cancer.
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Cancer, which is known as the proliferation of
the host cells in an uncontrolled manner, is a
major cause of death worldwide. However,
current scientific knowledge is not enough to
explain why only a small percentage of people
exposed to environment-related carcinogens or
bearing specific oncogenic mutations predis-
posing to cancer develop this disease. Obvi-
ously, a combination of certain factors as
opposed to a single factor would help in
understanding the issue. Among these factors,
human microbiome may have an important
role. The commensal, symbiotic and patho-
genic microorganisms that live within the
human body are estimated to outnumber
human somatic and germ cells by a factor of
10. Collectively, the genomes of these micro-
bial communities are termed as the micro-
biome [1]. The human microbiome contains
innumerable microorganisms, including bacte-
ria, fungi, protozoa and viruses living in our
body [23]. A very complex and dynamic associ-
ation between the host and the microbiota
arises soon after birth. The microbiome
appears to evolve over an individual’s lifespan.
However, the exact magnitude of its changes is

unknown. Perhaps, it is a trend that human
microbiome encloses at least 10-times more
microorganisms than human cells, accounting
for 100-times more genes (microbiome) than
the human genome (3-6]. However, this micro-
biota mostly remains unstudied, leaving almost
completely unidentified their effect on human
physiology, nutrition, immunity and develop-
ment. It is noteworthy that microorganisms
associate with humans by a non-random pro-
cess and adapt to specific body habitats (7).
Interestingly enough, the human microbiome
from the same site of the body shares more
similarities among different individuals than
the microbiome from different sites on the
same individual. This site-specific colonization
is a long process, which has evolved along
with the evolution of human beings by various
essential  physiological and immunological
body functions. Overall, the microbiome at a
specific site varies with the host genotype,
pathobiology (infection or disease status),
physiological status, the presence of transient
microorganisms, lifestyle and environment,
including living state and diet [89). Moreover,
one can hypothesize that few species of the
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human microbiome may form ‘idiosyncratic microbial sig-
natures’. These specific signatures may be peculiar to certain
body sites and depend on body condition and vice versa [10-14].
Consequently, the normal human microbiome would prevent
various diseases, whereas alterations in the normal microbiome
creating a transformed microbiome may predispose the individ-
ual to numerous conditions.

As previously observed, the commensal microbiota that
reside on the host body surfaces and the gastrointestinal tract
play an important role in many crucial functions of the host,
such as immune response, cancer development prevention and
energy metabolism [1516). In a previous report, it has been
shown that Lactobacillus salivarius, which is an ingredient of
human gut microbiota secretes bacteriocin that can protect the
mice against invasive foodborne infection of Listeria monocyto-
genes. This toxin produced by Lactobacillus prevents Listeria
infection in mice [17]. Moreover, a recent study has proposed
that colonic microbiota may change the host susceptibility to
Citrobacter rodentium-induced colitis by modulating inflamma-
tion, redox status and ion transporter gene expression [18]. In
addition to the aforementioned examples of the protective role
of microbiota, some changes in the gut microbiota may allow
for the development of several gastrointestinal tract abnormali-
ties [19]. It is reasonably clear that these microbial signatures
may be altered under the pressure of determined changes in the
body environment.

Impeded regulation in the association between the micro-
biota and the host immune system may result in a cause of
inflammation and development or progression of cancer. The
significance of inhabited microbiota in the carcinogenesis of
intestinal neoplasia and inflammatory bowel diseases has been
evidently showed in animal models recently, where experimen-
tal hosts grow colitis in traditional conditions; however, this is
not the case when these microbiota are absent in germ-free
environments [162021]. The cancer-causing agent azoxymethane
can trigger the development of colon tumors in colitic IL-10-1-
acking mice monocolonized with particular bacteria, but stimu-
lating the growth of tumors in germ-free IL-10-lacking mice
was unsuccessful [16]. In this review, we will focus on the recent
progress in the studies on the enigmatic relationship of trans-
formed microbiome with the development of cancer and its
potential application in cancer diagnosis. Furthermore, we will
discuss the potential role of the immunological modification
and Toll-like receptor (TLR) in the development of cancer and
its hypothetical use in cancer therapy.

Evidences for the involvement of the microbiome in
the progress & development of cancer

Cancer development is a long process that is related to several
alterations in the body environment, including physiological,
biochemical, immunological and anatomical changes. It could
be argued that alterations during the development of cancer
due to several modulations in body environment, including
immunological, biochemical as well as anatomical alterations,
would also manifest an effect on the normal microbiome.

Many studies have confirmed that small alterations in the
microbiome from medical origin (antibiotics, vaccination,
hygiene etc) or due to host genetics (mutation in IL23R,
ATGIG6L1, IGRM etc), early colonization during delivery and
lifestyle may involve etiological or adjuvant roles in the devel-
opment and progression of cancer (Feurs 14) [22]. Therefore, an
altered microbiome may also be used as a strong marker for
the detection of various neoplasms, such as pancreatic cancer,
colorectal cancer (CRC), cervical cancers, oral squamous cell
carcinoma, esophageal cancer, gastric cancer and gallbladder
cancer. Recently, a number of studies have identified numerous
changes in normal microflora associated with cancer develop-
ment, and some of these are illustrated in Tasie 1.

Pancreatic cancer is the most common reason of cancer-
related mortality and the fourth leading cause of death due to
cancer. Lack of specific detection techniques for pancreatic can-
cer consistently results in a typical clinical presentation of
incurable disease at early diagnosis. Saliva may resolve the issue
as an accessible, non-invasive, reliable and efficient diagnostic
source. Early stage detection of pancreatic cancer could increase
the rate of survival; although, currently no specific biomarker
has been shown to be sensitive, reliable and specific for the
diagnosis of pancreatic cancer. In a recent study, it was found
that Porphyromonas gingivalis, a periodontal oral bacterium, is
frequently increased in human pancreatic cancer. This study
suggests that patients who have increased levels of antibodies
against P. gingivalis ATTC 53978, an oral bacterium linked
with periodontal tissue destruction, are at a higher risk of pan-
creatic cancer, whereas a separate group of patients with ele-
vated antibodies against oral bacteria were linked with a lower
risk of pancreatic cancer [23]. A report of salivary microbial pro-
filing in pancreatic cancer patients and healthy controls also
showed a significant alteration in the salivary microflora. In
that study, Farrell ez al. identified that the levels of Streprococcus
mitis and Neisseria elongata were significantly reduced, whereas
the levels of Granulicatella adiacens was increased in cancer
patients compared to healthy controls. These data confirm a
connection between G. adiacens and N. elongata and periodon-
tal disease, which has been linked to an increased risk of pan-
creatic cancer [24]. Farrell er al. also assessed the specificity of
the microbial biomarkers using Human Oral Microbe Identifi-
cation Microarray in another microbial study that had been
carried out on lung cancer patients. They found that none of
the microbial biomarkers validated in their study showed con-
siderably changed microflora profile in lung cancer [24]. These
results confirm that the bacterial biomarkers of saliva are spe-
cific for pancreatic cancer and show a potential role for salivary
microflora as a non-invasive indicator for the detection of pan-
creatic cancer. Finally, the results confirmed that the levels of
N. elongate and S. mitis in saliva are considerably increased in
pancreatic cancer patients [24. Similarly, the tumor most
directly associated with oral microbiota is the oral squamous
cell carcinoma (OSCC), one of the 10 most prevalent cancers
worldwide with an approximate range of 90% mouth neo-
plasms originating from oral mucosa. The pathogenesis of
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Figure 1. Normal to altered microbiome and carcinogenesis. (A) Many commensal microorganisms permanently reside in the Gl
tract and have crucial role in immunity, metabolism, digestion and cancer cure [16,50,51], but it may support cancerous transformation in
many cell types through the changes of their microenvironment. (B) E. coli, a genotoxic bacteria, invaded epithelial cells and started their
alteration through DNA damage and inflammatory factors in colorectal carcinoma. (C) Genotoxic bacteria (Helicobacter pylori) entered
the bloodstream and transformed lymphocytes by DNA damage. The elevated level of pro-inflammatory factors, macrophage migration
inhibitory factor, reactive oxygen species and Toll-like receptors may infect several other cell types, resulting eventually in a cause of
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breast, gastric, cervical, liver and bladder cancers.

OSCC is linked by various abiotic factors, such as heavy alco-
hol consumption, smoking history as well as many biotic fac-
tors, including diverse infections caused by virus, Candida and
chronic bacteria. The OSCC surface has been reported to har-
bor increased levels of Fusobacterium and Porphyromonas com-
pared to contiguous healthy control mucosa.

In a recent study of oral microbiota in tumor and non-
tumor tissues of patients with OSCC, it was observed that Pep-
tostreprococcus stomatis, S. salivarius, S. gordonii, G. haemolysans,
G. morbillorum, Johnsonella ignava and S. parasanguinis I were
strongly linked with site of tumor, although prevalence of G.
adiacens was found in non-tumor site. However, S. intermedius
existed in approximately 70% cases of both non-tumor and
tumor sites [25]. In a different study of squamous cell carci-
noma, a significant increase in 3 out of the 40 organisms was
diagnosed compared to healthy controls. These three dominant

species were Capnocytophaga gingivalis, Prevotella melaninogenica
and S. mitis. The increase in these bacteria was predictive in
80% of OSCC cases and was suggested as a cancer marker [26].

CRC is the second most frequent carcinoma in women and
the third most frequent carcinoma in men, with the majority
of cases observed in the developed countries. Various factors,
such as genetics of the host, diet, environment and alteration
in intestinal microbiome have been suggested as a cause for the
initiation and progression of CRC in humans. Bacterial-
mediated infections such as Escherichia coli also play a poten-
tially important role in the development of CRC (Ficure 1B)
(1627.28]. In a recent study, a significant increase of Desulfovibrio,
Erysipelotrichaceae and Fusobacterium was also observed in the
intestinal microbiota of CRC [2930]. Furthermore, in a recent
study, it was observed that Roseburia, an anaerobic fecal bacte-
ria, is significantly increased (p = 0.017) in CRC patients of
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Table 1. Alteration in microbiota connected with various type of cancer.

3

Cervical
cancers

Colorectal
cancer

Oral cancer

Esophageal
cancer

Gastric
cancer

Gall bladder
cancer

Study involved the vaginal samples of 68 HPV-
infected and uninfected woman twins using
pyrosequencing analysis

Study involved 46 patients with CRC and
46 healthy controls from fecal samples

Study was performed on 29 patients with colon
adenomas, 31 with colorectal cancer,

34 symptomatic but normal colonoscopy results
and 31 asymptomatic patients as controls

Experiment involved biopsy samples of 21 patients
with adenomas and 23 without adenomas as
controls

Study was performed on feces specimens of
60 CRC patients and 119 healthy controls

Case study was carried out using 229 oral
squamous cell carcinoma (OSCC) free and
45 OSCC patients and their consequent
evaluation for 40 oral bacteria by DNA-DNA
hybridization

Tissue samples were used from 46 oral cancer
and three precancerous leukoplakia

Biopsy and aspirate from 7 patients with Barrett’s
esophagus (BE) and 7 control with BE, and their
subsequent analysis by culture followed by 16s
rRNA gene sequencing involved in this study

DNA samples were used from 15 esophageal
cancers, 16 lung cancers, 43 gastric cancers,

10 cervical cancers, 10 colorectal cancers,

14 renal cell carcinomas and 19 bladder cancers

Tissues of esophageal carcinoma, the
corresponding normal tissues and saliva were
collected from patients in China, Japan, Italy and
France followed by analysis of bacterial diversity
by 16s rRNA gene

Study involved 260 controls, 227 esophageal
adenocarcinoma, 224 Barrett’s esophagus and
230 reflux esophagitis patients

Biopsy samples of 2019 gastric cancer patients
were collected from Brazil

Tissue and blood samples of 54 gallbladder cancer
patients were analyzed though nested PCR

Study was carried out using bile culture in
390 patients, including 65 with gallbladder
carcinoma, 125 cholelithiasis along with
200 control samples

CRC: Colorectal cancer; OSCC: Oral cancer, rRNA: Ribosomal RNA.

Increased levels of Fusobacteria, such as
Sneathia spp. and decreased levels of
Lactobacillus spp. were found in HPV-infected
cervical cancers patients

Increased proportions of Enterococcus,
Escherichia/Shigella, Bacteroides fragilis, and
Klebsiella, and decreased level of Roseburia and
members of family Lachnospiraceae were
observed in CRC

Presence of intracellular E. coli increased in
patients with adenoma and CRC

Increased levels of Proteobacteria,
Faecalibacterium and Dorea, whereas decreased
levels of Coprococcus and Bacteroides were
observed in adenomas patients

The level of Bacteroides/Prevotella was increased
in CRC patients as verified by quantitative PCR

Increased levels of Streptococcus mitis,
Capnocytophaga ochracea, Eubacterium
saburreum and Leptotrichia buccalis were found
in OSCC

Higher levels of Streptococcus anginosus was
observed in OSCC

High levels of Campylobacter concisus and
C. rectus were observed in Barrett’s esophagus

Increased level of S. anginosus was found in
only esophageal cancer and gastric cancer
tissues

Increased proportion of Treponema denticola,
S. anginosus and S. mitis were found in
esophageal cancer

Decreased level of H. pylori was observed in
esophageal cancer

Increased proportion of Helicobacter pylori was
observed in gastric cancer

Elevated level of H. pylori was observed in 33%
of gallbladder cancer patients

Increased level of Salmonella typhi and
S. Paratyphi was observed in bladder cancer

[132,135]

[133,136]

[134,137]

[135,138]

[136,139]

[26]

[137,140]

[43]

[138,141]

[41]

[139,142]

[143]
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Table 1. Alteration in microbiota connected with various type of cancer (cont.).

7 Pancreatic
cancer

Chronic pancreatitis samples of 27 patients and
28 resectable pancreatic cancer with 10 healthy

High levels of Neisseria elongata and S. mitis [24]
were observed in pancreatic cancer

controls were validated for bacterial candidates

through gPCR
CRC: Colorectal cancer; OSCC: Oral cancer, rRNA: Ribosomal RNA.

China (31). In another report, it was observed that Fusobacte-
rium nucleatum, an exceptional member of fecal microbiota, is
frequently over-represented among patients with CRC [3233].

The enigmatic connection between gut microbiota and can-
cer has opened a new door of research regarding cancer detec-
tion, prevention and may further lead to the development of
innovative treatments. The important role of Helicobacter pylori
in the progression of gastric cancer, bladder cancer, OSCC, cer-
vical cancer, hepatocarcinoma and mucosa-associated lymphoid
tissue lymphoma are well established (Fioure 10) [34-39]. For this
reason, the presence of this organism should be considered a
relevant risk factor for developing gastric carcinoma. In a recent
study of CagA-positive strains of H. pylori, a positive associa-
tion of such strain was observed with esophageal squamous cell
carcinoma in non-Asian population and an inverse association
in Asian population [40]. Moreover, a study in esophageal can-
cer showed that this neoplasia may be linked to a frequent
infection of Treponema denticola, S. mitis and S. anginosus. Fur-
thermore, self-regulating culture methods used on the saliva of
esophageal cancer patients and healthy individuals revealed a
strong association between group G streptococcal infection and
esophageal cancer [41). In addition, similar results have been
also observed in CRC with regards to its potential association
with group G streptococcal infection [42]. Patients with Barrett’s
esophagus are also at a higher risk of developing esophageal
adenocarcinoma but not squamous cell cancer. These patients
show elevated levels of Campylobacter species (C. rectus and
C. concisus) in esophageal biopsies and aspirate samples. These
microbial markers may also pave the way for diagnosing
Barrett’s esophagus [43]. The examples reported here suggest a
clear association of microflora changes and cancer development.
Although there is considerable research in this area, it is still
insufficient and more efforts are required to fully understand
the changes in microbiota during cancer development and
progression.

Several studies demonstrate that diverse alterations in the
microbiome can increase or decrease cancer susceptibility and
development by different mechanisms, such as influencing the
genomic stability of host cells, lateral gene transfer, alteration
in growth hormones, biochemical and enzymatic alteration, cell
surface receptor modification, modulating inflammation and
making various metabolites that act as histone deacetylase
inhibitors to epigenetically control gene expression of host.
Although there are several causes behind the alteration of
microbiome and the development of cancer, as discussed above,

we shall now explore the immunological modification and its
potential role in the transformation of the normal microbiome
into a cancerous microbiome. Various cancers arise from

inflammation and chronic irritation in sites of infection.

Immunological modifications from a normal
microbiome to a cancerous microbiome

The mechanisms of development and progression of cancer are
very complex through diverse microbial communities. Virchow
described the connection between inflammation and the possi-
bility of developing cancer in 1863 [44] based on the fact that
carcinogenesis tends to arise at the site of chronic inflamma-
tion. Many studies suggest that this mechanism involves a rela-
tion between chronic inflammation, direct effects of microbial
communities on host cell physiology and, eventually, alterations
in the dssue equilibrium. Alterations in the microbiome may
affect both systemic and local inflammation. Inflammation is
in close relation to progression, development or even cure of
cancer, although it remains uncertain whether commensal
microbiota influence inflammation in the microenvironment.
In a recent report, it was observed that tumor-infiltrating mye-
loid-derived cells reacted poorly during cancer therapy of germ-
free or antibiotics-treated mice [4546]. In fact, these reports
showed that the existence of two commensal microbiota, Alis-
tipes and  Ruminococcus, positively correlated with tumor-
associated myeloid cells secreting TNF-o. or IL-17, thus
increasing anticancer effect. These findings assert the fact that
‘immunostimulatory microbiota’ could be utilized to improve
the adverse effect of microbiota reduction in patients or even
optimize the response of anticancer drugs [(4546]. Various epide-
miologic reports have strongly showed that also chronic inflam-
mation is linked to an enhanced risk of cancer [4748]. It is
assessed that approximately 2 million cases of cancer are caused
by infectious agents annually (49]. Both mutualistic and non-
mutualistic microorganisms residing permanently in the gastro-
intestinal tract, which play an important role in immunity,
digestion and prevention of cancer [5051], may be activated pro-
voking inflammatory responses in different cancer types, such
as lymphoma and leukemia [52-54].

The inflammatory responses that effectively reduce
pathogen-associated molecular patterns (PAMPs) and danger-/
damage-associated molecular patterns (DAMPs) are dynami-
cally stopped and the process of healing initiated thereafter.
Previous studies showed that the phagocytosis of apoptotic cells
increases the level of ant-inflammatory mediators supporting
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the anti-inflammatory response [ss]. However, current findings
demonstrate that impaired phagocytosis supports inflammation
and employs other immune cells [56], proposing a crosstalk
between the immune cells and the inflamed tissue. That cross-
talk would be arbitrated by the pro- and anti-inflammatory fac-
tors abundantly generated by both infiltrating and inhabitant
cells [5758]. Experiments performed in a rat carrageenan-sponge
implant model have showed a change from tissue repair con-
necting tissues. Pro-inflammatory and anti-inflammatory effects
may depend on the site of inflammation in such microenviron-
ment [5960]. These factors have been detected in humans also
and comprise, for example, alterations in growth factor-ou [61],
metalloproteinases [62], prostaglandin E2 [63], nitrogen species
and reactive oxygen [6465].

Inflammatory responses are stopped following the removal of
pathogens; however, they can persist in the case of chronic
infection, resulting in tissue fibrosis and carcinogenesis by the
establishment of adverse inflammatory cycles [66-68]. The char-
acteristics of chronic inflammation are inflammatory foci
directed by plasma cells, lymphocytes and macrophages, gener-
ating a high level of cytokines, growth factors, chemokines,
nitrogen species and reactive oxygen, which may be responsible
for incessant tissue damage [69.70). Interestingly enough, high
levels of nitrogen species and reactive oxygen liberated in such
pathological states may generate mutagenic agents, such as per-
oxynitrite (ONOO7), for example, which interacts with DNA
and develops mutations and injures in proliferating cells [71.72].
These DNA alterations may cause a predisposition to neopla-
sia (73]. In addition, the elevated levels of growth factors and
pro-inflammatory cytokines, including TNF-0. and macrophage
migration inhibitory factor, produced by T-lymphocytes and
macrophages may aggravate DNA damage [74]. Macrophage
migration inhibitory factor interferes with the crucial cell cycle
signaling pathway cyclin/Rb/E2F and plays a key role in
tumorigenesis [75], also impairing p53-dependent protective
responses and thus giving rise to oncogenic mutations [76]. In
addition, the microenvironment of inflammation is appropriate
for the proliferation and survival of neoplastic cells [57,58], dem-
onstrating that the modulation of factors increasing chronic
inflammation may have anticancer effects. An enigmatic study
has showed that eradication of C. jejuni, a Gram-negative bac-
terium, suppresses the inflammation-mediated lymphomagene-
sis in immuno-proliferative small bowel disease at its initial
stage [s2). Similarly, another report has showed that several
commonly used antineoplastic agents that cause DNA damage-
induced apoptosis in highly sensitive cells, such as altering cells,
have antimicrobial activities against Acinetobacter spp. (7). Aci-
netobacter spp. are non-microbiota pathogens connected with
various solid tumors [78-80] and blood cancers [77]. Such agents
comprise the alkylating-like agent cisplatin, the alkaloid vincris-
tine and the anthracycline doxorubicin. Recent results show
that Acinetobacter spp. become as sensible to DNA damage as
altering cells during carcinogenesis due to inflammation, show-
ing the complexity of the interactions between altering cells
TLRs are

and cancer-related pathogens. transmembrane

proteins able to recognize a constituent pathogen. They are
involved in identifying endogenous danger signals and play an
important role in eliciting innate immune response against
infecting pathogens. Future studies dealing with the relation-
ship between bacteria and altering cells may give novel insights
into bacteria-mediated inflammation and the consequent pro-
cesses of carcinogenesis.

TLRs, pathogen-triggered inflammation, signaling &
cancer

Gram-negative bacteria and organisms such as bacteroidetes,
proteobacteria, fusobacteria and spirochaetes produce lipo-
polysaccharide (LPS) a specific immune-activating ingredient,
which can stimulate innate immune responses that may
direct various diseases, including cancer [81]. LPS connects to
TLR4 of innate immune system, leading to the activation of
NF-xB. As a result, the proportion of activated NF-xB is
enhanced in patients with esophageal adenocarcinoma and
reflux esophagitis and Barrett’s esophagus. Enhanced levels of
activated NF-xB are linked with increased amounts of
TNF-o0 and inflammatory cytokines, including IL-1b,
IL-6 and IL-8 (81]. The activation of nitric oxide synthase
reduces the basal tone of the lower esophageal sphincter,
which, in excess of extended periods of time, raises the threat
for reflux and its consequences [82]. Furthermore, LPS has
been demonstrated in rodents to delay gastric emptying,
which enhances the level of gastric content refluxed into the
esophagus [83]. Thus, the microbiome of the esophagus might
be managed with probiotics, antibiotics or NF-xB-specific
host cell pathway inhibitors to prevent cancer or other disor-
ders in this anatomical location. TLRs play a crucial role in
the early innate immune response to invading pathogens and
are involved in observing endogenous danger signals through
the sensing of PAMPs, mainly via myeloid differentiation
primary response gene 88 (MyD88) adaptor protein [8485). In
general, most bacteria can provide a source of ligands for
TLRs that may act as target cell membrane receptors [s6].
The signaling of TLR/MyD88 checks the dissemination of
bystander bacteria to insider tissues during infection with
Clostridium difficile. This effect is exerted by activating neu-
trophil and monocyte employment to the lamina propria of
the intestine by mechanisms involving CCL2/CCR2 (C-C
receptor type 2) and CXCL1 (C-X-C motif ligand 1)/
CXCR2 (C-X-C motif receptor 2) signaling pathways. In
fact, the death rate is markedly enhanced in MyD88-lacking
mice following the infection of C. difficile (85). Genetic
silencing of pattern recognition receptors signaling defends
against chronic inflammatory-mediated diseases (87], demon-
strating that perturbations of microbiota—pattern recognition
receptors interfaces may promote inflammation.

Bacterial sepsis may be a cause of translocation of the micro-
biota from the intestine into the systemic milieu [8889]. Short
leucine-dominant proteoglycans, including decorin and bigly-
can, may coordinate TLRs crosstalk during the course of

inflammation [9091]. Septic inflammation induces initial
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responses that comprise the activation of the decorin gene; the
level of decorin protein is elevated in mouse models as well as
plasma of septic patients, and high levels of decorin enhance
the expression of pro-inflammatory molecules [90]. An increased
expression of pro-inflammatory molecules has been connected
with tumor progression and poorer clinical outcomes in the
case of hepatocellular carcinoma [92].

Data in literature suggests that TLRs are crucial players in
pathogen-mediated inflammation-induced carcinogenesis. Uro-
nis et al. (93] have showed that bacteria-triggered inflammation
could have a role in the evolution of adenoma to invasive carci-
noma in IL-10 exposed azoxymethane (AOM oncogene) knock-
out mice, an example of colitis-linked CRC. This study has
showed that 62% of AOM-IL-10 (—/—) mice with colon
tumors versus just 20% in AOM-wild-type mice develop multi-
plicity of tumors directly linked with the existence of colitis.
Surprisingly, /L-10 (—/—) mice mono-linked with the bacte-
rium Bacteroides vulgatus demonstrated a considerably decreased
muldplicity of colitis and colorectal tumors, whereas germ-free
AOM-treated /L-10 (—/—) mice showed no tumors. Further-
more, MyD88 (—/—) or AOM-treated [L-10 (—/—) mice
showed a decreased TNF-o. and IL-12p40 mRNA expression,
an identified factor of IL-12 and IL-23. These mice displayed
no signs of tumor growth, showing that the pathway of TLR/
MyD88 is necessary for microbiota-mediated growth and pro-
gression of colitis-linked CRC. Some evidences support that
inflammation resulting from the immunologic response to
chronic bacteria and bacterial toxin exposure may play a key
role in gastrointestinal and oral carcinogenesis [94-96]. The
essential gut microbiota, B. fragilis, utilizes TLRs pathways to
establish host microbial symbiosis. This microorganism produ-
ces polysaccharide A (a symbiosis factor), which induces several
signaling pathways to support immunologic tolerance by
TLR2 receptors on CD4" T cells [97. The overexpression of
TLR molecules is a significant phenotype present in cancer
development. Interestingly enough, increased overexpression of
TLR3, TLR4, TLR7 and TLRY molecules has been identified
in esophageal squamous cell carcinoma cells compared with
normal counterparts [9899]. Overexpression of TLR4 and
TLRO is similarly observed in lung cancer samples with a sig-
nificantly positive correlation between TLR4 expression levels
and lung cancer [98]. These findings indicate that TLRs play a
dual role in the host’s defense against infection and in dssue
homeostasis maintenance by directing inflammatory and tissue
repair response to injury [100]. The inflammatory damage repair
pathway may ultimately lead to carcinogenesis through chronic
inflammation due to an altered microbiota [101]. The effect of
microbiota constituents on chronic intestinal inflammation and
colon cancer formation has been shown in gnotobiotic animal
models [102]. In conclusion, TLRs overexpression may require
more symbiotic factors to initiate immunologic tolerance,
severely influencing normal microbiota as a result of the
inflammatory response at the tumor site.

Normal microflora may also affect infection of potential
specific mechanism called colonization

pathogens by a

resistance (103). In contrast, certain organisms of the micro-
biome may contribute to reduce the incidence of cancer.
A probiotic bacterium, Bacillus polyfermenticus, has been shown
to impair the growth of human colon cancer cells by the inhi-
bition of ErbB2 and ErbB3 receptors [104]. The specific mecha-
nisms behind the association between bacteria and cancer
development include immune evasion, chronic inflammation
and immune suppression [36105]. Although it is not easy to
cover the entire immunological effects leading to the change of
normal microbiota, it can be supposed by these interactions
that the impairment of normal microbiota is strictly related
to carcinogenesis.

TLRs identify PAMPs of bacteria, viruses and parasites in
the endolysosomes of TLR3, 7-9 and 10 and in extracellular
environment of TLR1, 2, 4-6 and 11. TLRs can attach many
PAMPs/DAMPs and it is thought that they may even attach
regular ‘self-” molecules including fibrinogen and heat shock
proteins, suggesting a relation between the stereotypic inflam-
matory response mediated through TLRs and autoimmune dis-
eases (106107 The signaling of TLRs is transduced in the
cytoplasm through the Toll/IL-1 receptor domain (TIR), which
is the site for docking to the cytoplasmic adaptor proteins of
TIR that are important in coordinating the pathways of signal
transduction after TLR as well as IL-1 receptor activation. The
molecules of TIR adaptor mainly contain signaling proteins
such as TRIF, TRIF-related adaptor molecule, MyD88,
MyD88 adaptor-like as well as negative regulator of TLR path-
ways sterile-alpha and Armadillo motif containing pro-
tein [108109]. All TLRs connect to the adaptor MyD88 except
TLR3, but either as IL-1R (TLR5, 7-11, and heterodimeric
TLR1-TLR2 and TLR2-TLRG) directly or in connection with
MyD88 adaptor-like/TIR domain-containing adaptor protein
(TIRAP).

TLRs signaling role in pathogen-mediated inflammation
and progression of cancer may be a very complex process.
For example, Smolinska ez al. [84] have examined the possible
role of Src family kinases on TLRs signaling through the key
human macrophages along with adenoviral overexpression.
The report showed that the Hck a member of Src kinase has
a crucial role in LPS/TLR4-induced production of TNF-a
and IL-6. Furthermore, studies have suggested that Hck may
mediate TLR4-induced transcription of TNF-o and IL-6 by
TLR4 activation through a specific mechanism that does not
involve MAPK and NF-xB pathways. However, it could also
direct to p38 MAPK-dependent activator protein (AP-1)
connecting with a complex of JunD, and c-fos. Recent
reports involving subcutaneous or intraperitoneal injection
of the TLR3 interactor polyinosinic—polycytidylic acid
(polyl:C) to lung carcinoma implants in mice have revealed
that tumor regression is induced through TLR3 signaling
by transforming tumor-assisting macrophages into tumor
suppressors [99]. Thus, the better understanding and charac-
terization of the TLRs-mediated signaling pathways may
offer new therapeutic targets against pathogen-triggered
cancers.
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Targeting TLR: is there a therapeutic chance?

As previously described, there is an emerging evidence for the
role of microbiota and TLRs in cancer. TLRs pathway activity
leads to the expression of pro-inflammatory cytokines, Type I
IFN-1 and chemokines [110]. Under normal circumstances, only
a subset of TLRs is detectably expressed in the intestinal epithe-
lium. The deregulated immune response to gut microbiota is
thought to play a relevant role in CRC carcinogenesis. This
response is mediated also by TLRs; the deregulated signaling of
TLR pathways can ensure a pathogenic immune response to
normal microbiota [111]. Thus, the contribution of TLRs to
tumorigenesis and therapeutic interventions in CRC is under
rigorous investigation.

Recently, several Phase I and II clinical trials have been regis-
tered to examine the prophylactic and therapeutic potential of
TLR agonists/antagonists in various cancers [112]. For example,
in melanoma and basal-cell carcinoma patients, intra-tumor
injection of PF-3512676 (a TLR agonist) was shown to be able
PF-3512676 has

been also tested in advanced renal cell carcinoma [115] and

to induce regression of skin lesions [113114].

advanced cutaneous T cell lymphoma [116]. Imiquimod is a
TLR7 agonist that seems to have some activity when it is used
topically for the treatment of several premalignant and malig-
nant skin diseases [117], but it is not effective when given by
systemic injection, despite some encouraging results obtained in
mouse models [118]. These new agents are currently being used
in conjunction with other treatments to enhance the anti-tumor
immune response. However, due to their potential role in the
pathogenesis of the disease, it is plausible that they exert a non-
immune-mediated effect on tumor formation, growth and
treatment. The use of these new kind of drugs is still under
investigation but there are promising expectations.

Suggestions & perspectives for the development of
microbial signature

We suggest that the microbiota composition can be helpful for
a strong immune response or even protect a person from sev-
eral diseases, including cancer. Various factors can contribute
to the transformation of microbiome, such as host genetics
phenotype, medical practices, lifestyle and early colonization
during delivery. A person with mutations in genes involved in
the regulation of the immune system or pro-inflammation
pathways can develop unrestrained inflammation in the host
tissue. It is feasible that inflammation alone affects the equilib-
rium of the microbiota, twisting it in support of pathobionts.
On the other hand, a person could ‘select’ or eliminate the col-
onization of particular microorganisms. Different pieces of evi-
dence showed that a crucial complex bacterial community lives
in the human body, and its changes may play a key role as an
indicator for individual cancer susceptibility and develop-
ment [119]. The complex architecture of this bacterial commu-
nity generally hinders the development of cancer markers. In
addition, the assessment of most micro-organisms is compli-
cated by their lack of suitability for culture [120]. Moreover,
inter-individual inconsistency in the microbiome due to host

pathobiology, physiology, lifestyle and environment also raises
queries of this method in cancer prediction and detection [121].
Conversely, the feces samples of 30 patients demonstrated sta-
ble and unique bacterial community profiles [122]. In brief,
attempts to identify specific microbial markers from such a
large microbiome may contribute to solving this problem. In a
recent study, deep ribosomal RNA sequencing of CRC tissue
and adjacent non-malignant mucosa revealed prominent differ-
ences in microbial colonization patterns between these two
sites. CRC tissues demonstrated consistent and increased pres-
ence of a subclass of Coriobacteriaceae, especially genera Slackia
and Collinsella, although members of Enterobacteriaceae, includ-
ing Citrobacter, Shigella, Cronobacter, Kluyvera, Serretia and Sal-
monella sp. were undercharacterized [14]. Because most of the
microorganisms in the microbiome cannot be kept in culture,
studies to unravel the complex architecture of human micro-
biome involve culture-independent techniques. However, the
isolation of microbial DNA and RNA from normal mucosa
and adenomatous polyps also revealed that microflora changes
at the mucosal surface in colonic adenomas and this
could possibly act as a potential factor facilitating cancer
development [123].

Many issues remain to be cleared. First, the existing micro-
biota of host should be completely diagnosed through metage-
nomic sequencing approach on whole genes of bacteria to
characterize microorganisms promoting healthiness or diseases.
Several investigations in this direction are in progress in differ-
ent regions of the world including the USA and Europe.
Potentially transformed microbiota could be identified in
patients with several types of cancer and examined in many
research models. Whether the change in the existing microbiota
directly or indirectly alters the path of disease is a crucial issue
and adequate studies are needed to address this question. Other
aspect is whether the present information acquiesced by the
metagenomic sequencing is enough to begin efficient experi-
ments in which a reason/effect relation could be developed
using particular animal models. What would be the productiv-
ities of efficient studies using transformed microbiota acquired
from germ-free animal models and many disease conditions —
inflammation and cancer? The characterization of consortium
of microbiota linked with specific pathological states illustrates
a very important target, this crucial action is not sufficient to
entirely understand the potential role of the microbiota in
healthiness and disease of individuals. Thus, it is important to
investigate the risk and feasibility of alteration of human micro-
biome and its ability as a novel approach to identify and treat
cancer. Although information on this approach is limited,
ongoing research in this direction will surely lead to a microbe-
based novel area of cancer detection.

Limitations & applications of transformed microbiome
in cancer detection

Finally, it can be concluded that this rapidly growing field of
research is bringing critical understanding of the microbiome
alteration and its potential role in cancer, disclosing the door
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to new strategies for detection, prevention and treatment of
cancer. However, the multi-faceted nature of the microbiome
and the reproducibility of microbial signatures under circum-
stances of individual changeability is a strong constraint before
the microbiome modification can be suitably corroborated as
an indicator of cancer. Strict detection of stable signatures not
influenced by individual pathobiology, physiology, environment
and lifestyle are required before the application of these
markers on a routine or daily practice basis. Extensive clinical
appraisal through retrospective, prospective and randomized
clinical trials will generate a cancer indicator possibly more
appropriate for early cancer detection. In addition, population-
based assessment is also needed to identify alterations in micro-
bial change in populations with cancer. In view of the discussed
drawbacks and lower diagnostic sensitivity compared with rou-
tine cancer markers, these indicators should be employed in
combination with other known markers, biopsy, imaging,
molecular diagnosis and other appropriate clinicopathological
information before any conclusions regarding their utility [124].
A relevant limitation is that microbiome is linked to mucosal
surfaces of the gut, the urogenital tract and the respiratory air-
ways [125]. So, we could speculate that epithelial cells are highly
prone to change during cancer development. In short, we may
presume that its application for the cancer derived from epithe-
lial cells is very limited. Sampling bias is another issue that
requires consideration before developing a reasonable appraisal
of this approach. The microbiome of non-malignant mucosa
and adjacent colonized colon tumor tissue from one individual
demonstrates a marked difference of the microbiota pattern [14).
Thus, this heterogeneity requires a strong validation of micro-
biome sampling for cancer detection.

However, nucleic acid, metabolites, proteins and certain pro-
cesses such as apoptosis and proliferation are well-characterized
factors included in the category of cancer detection bio-
markers [12¢]. However, an ultimate, reliable and cost-effective
diagnostic marker for cancer detection needs to be in conjunc-
tion with a highly specific and significantly sensitive assay [124].
The transformed microbiome signatures may prove to be an
outstanding cancer detection indicator, with further use in
treatment strategies under various circumstances due to its
intricate association with cancer. As we know, protein-based
cancer biomarkers usually comprise mass spectroscopy based on
peptidomics and proteomics profiling (low-molecular-weight
serum/plasma proteins as cancer indicators). However, the
effectiveness of plasma or serum-based cancer markers is depen-
dent on its proper sample collection and storage. Otherwise the
processing of flawed samples can produce biased results [124]. In
fact, the National Academy of Clinical Biochemistry Labora-
tory Medicine Practice Guidelines do not recommended mass
spectroscopy-based serum proteomics profiling for clinical pur-
poses [127]. Serum biomarkers are dependent upon the level of
expression of particular marker proteins, post-translational
modifications, their stability and association with other pro-
teins [124]. Furthermore, the proteolytic activity of serum also
significantly affects low-molecular-weight proteins [128]. Thus, it

could be expected that the signatures of normal microbiomes
may compensate for the drawbacks of serum protein-based bio-
markers. Thus, careful validation of the human microbiome
might result in the identification of stable signatures while
simultaneously addressing all concerns.

Microarray technology is also an exceptional tool to identify
an altered expression of cancer regulatory genes [129]. Despite
its high sensitivity, the specificity of this technology as a prog-
nostic marker is unstable, and scientists recommend repeating
random sampling validation before the application of these
markers in daily clinical practice [130]. Because of the compara-
ble influence of the microbiome in cancer prognosis, its poten-
tial as a prognostic factor requires specific evaluation. Thus, it
can be expected that more studies regarding these subjects will
increase the value on driving forces of cancer and support the
expansion of new reliable and sensitive microbiome-associated
diagnostic techniques and therapeutic interferences.

Expert commentary

The majority of the comprehensive studies pertaining to the
assessment of cancer etiology and the potential of the human
microbiome for the detection and prevention of cancer demon-
strate its important role in cancer progression and development.
However, the complexity of the human microbiome and allied
research progress are ahead of our imagination. Hence how
microbiome alteration functions for cancer detection requires
rigorous evaluation before establishing its reliability as a cancer
biomarker. Various current studies make it clear that alterations
in the microbiome are not only linked to an individual’s vul-
nerability to cancer but also its role in cancer diagnosis [131].
Our awareness of the human microbiome is still in its early
stages. However, worldwide efforts coupled with technical
advancement can open the door to a better understanding of
the microbiome composition and the metabolic activities and
ultimately toward the development of new microbe-based
advanced therapeutics and cancer indicators. One way to
achieve this goal would be to routinely search for specific
pro-oncogenic pathogens in all patients diagnosed with certain
cancer types within a mulddisciplinary, multicenter and muld-
national consortium program. That approach has been already
used by the VALGENT study group in the case of the research
that correlates the HPV infection and the presence of cervical
lesions [132,133]. That enormous effort may definitely contribute
to a better knowledge on how different microbiome alterations
can facilitate or prevent cancer development. For that purpose,
high-throughput technology would be required to be able to
molecularly characterize those neoplasms and their respective
potentially causal pathogens. Finally, different in wvitro and
in vivo assays in better models should be developed to ensure
the mechanistic validation of the findings derived from that
large population-based observation. In addition, all patient-
derived samples should be thoroughly scrutinized looking for
potential microbiome-based biomarkers of cancer presence and
progression to standard therapies [134]. The most remarkable
challenges we envision in pursuing that goal would be the joint
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efforts between different science fields and experts, the proper
development of the technology resources required for this
endeavor and the adequate funding to make that program a
reality. Conceivably, the time has come to state that alterations
in the microbiome signature can change traditional cancer bio-
markers but this approach will require sound appraisal to escort
it into the next exciting frontier of cancer diagnostics.

Five-year view

In the past few months, diverse immunological approaches
(i.e., PDL-1 targeting) have shown astonishing results in the
management of different cancer types, such as melanoma or
non-small cell lung cancer. These observations have definitely
remarked the critical role of the immune system in the success-
ful treatment of cancer.

After the tremendous development of immunotherapy
against cancer, we envision that microbiome-driven clinical tri-
als will be part of the clinical research armamentarium against
cancer in the next 5 years. As a crucial part of that clinical

research, novel microbiome-derived biomarkers will be under
development. In addition and according to the fast evolvement
of new sequencing technologies, one can easily conceive that
the microbiome molecular profile will be used not only for
cancer prevention but also for cancer biological treatment
tailoring.
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Key issues

e Normal human microbiome may prevent various diseases, including cancer, whereas alterations in the normal microbiome creating a

transformed microbiome may predispose the individual to numerous conditions, man of them related to cancer.

The association between microbiota and the host immune system may result in a cause of inflammation and development or

progression of cancer.

Most of the available evidences are still to be validated and confirmed.

A routine search for specific pro-oncogenic pathogens in all patients diagnosed with certain cancer types within a multidisciplinary,

multicenter and multinational setting would definitely boost this research field.
Further development of new high-throughput sequencing techniques is warranted to facilitate a molecular characterization of different
neoplasms and their respective potentially causal pathogens.
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