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Abstract

Tumor microenvironment has recently been ascribed a new hallmark—the polymorphic microbiome. Accumulating
evidence regarding the tissue specific territories of tumor-microbiome have opened new and interesting avenues. A
pertinent question is regarding the functional consequence of the interface between host-microbiome and cancer.
Given microbial communities have predominantly been explored through an ecological perspective, it is important
that the foundational aspects of ecological stress and the fight to ‘survive and thrive’are accounted for tumor-micro(b)
environment as well. Building on existing evidence and classical microbial ecology, here we attempt to characterize the
ecological stresses and the compensative responses of the microorganisms inside the tumor microenvironment. What
insults would microbes experience inside the cancer jungle? How would they respond to these insults? How the interplay
of stress and microbial quest for survival would influence the fate of tumor? This work asks these questions and tries
to describe this underdiscussed ecological interface of the tumor and its microbiota. It is hoped that a larger scientific
thought on the importance of microbial competition sensing vis-a-vis tumor-microenvironment would be stimulated.

Abbreviations

TME Tumor Microenvironment

NAT Normal adjacent tissue

GSR General Stress Response/Regulon
SSR Stringent stress response

BCAA  Branched chain amino acids
SCFA  Short chain fatty acids

STING Stimulator of interferon genes
LPS Lipopolysaccharide

1 Introduction

Cancer represents a class of complex, treatment elusive, multimodal diseases typically characterized by uncontrolled cell
division primarily attributed to oncogenic mutations [1-3]. An array of well-founded additional hallmarks like hyper-pro-
liferative signalling, apoptosis-evasion, angiogenesis, hyper-anabolism, inflammation, invasive-metastasis and more have
traditionally helped view the vast genotypic and phenotypic diversity of cancers through the lens of a unified concept
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of “Tumor-microenvironment (TME)' [1, 3, 4]. TME, consisting of a heterogenous collection of normal cells, vasculature,
immune cells, signalling/growth factors, metabolites, and extra-cellular matrix around the (transformed) cancer cells,
isin fact an ecosystem in itself [3]. It has its own unique nutrient, acid and oxygen profiles, peculiar oxidative stress and
distinct cellular (dis)organization [3, 5-7]. It is the dynamic and integrated interplay of various entities in the challenging
conditions of TME, which is now understood to determine the fate of cancer towards growth, invasion, or suppression [1,
3, 8, 91. Identification of the hallmarks of cancer has thus significantly aided integrative and organized research towards
the factors that contribute to cancer development/ suppression [8]. Recently, a new hallmark has been ascribed to the
complex ecosystem of TME—the host associated microbiome [4, 10]. Accumulating evidence have now consolidated
the belief that the vast gene pool and communities of trillions of microorganisms (bacteria, fungi, viruses, protists) in
the human body (collectively termed as the human microbiome), may, in-part, crosstalk with the other entities of the
TME [4, 11, 12]. Given the compelling evidence of microbial (particularly bacterial) regulation of general host-immunity
and physiological homeostasis [11, 12], rational questions are now being raised about the potential role that the host
microbial communities can play inside the TME, especially towards cancer development and management.

Microbial association with oncopathology has in fact been discussed for decades, with reports of anti-cancerous
activity of bacterial toxins dating back to a century ago [13]. Discovery of specific microorganisms inside various
tumors and their causal associations have consistently been reported in the past [14, 15]. These include the oncogenic
linkages of infection or colonization by (opportunistic) pathogens like Helicobacter pylori (gastric cancer), Chlamydia
trachomatis (cervical cancer), Salmonella typhi (gall bladder cancer), Chlamydophila pneumoniae (lung cancer), Strep-
tococcus bovis (colorectal cancer), Fusobacterium nucleatum (colon cancer), Bacteroides fragilis (colorectal cancer)
etc. [10, 14, 16, 17]. However, recently a comprehensive characterization of the collective microbiome associated
with different human tumor types was achieved at a large scale (amassing more than 1500 samples) [18]. Attracting
significant attention to the tumor microbial ecology, it laid the foundation for potential tissue specific territories of
tumor microbiome [18]. Furthermore, the breakthrough attempted to quash many prevailing doubts pertaining to the
contamination linked discoveries through multiple negative controls and contaminant filtration strategies [18, 19].
Several reports characterizing the tumor associated microbiome have now emerged in the last 3 years, consolidating
the existence and importance of the tumor micro(b)environment [18, 20-32]. An increasing number of comprehensive
review reports, attempting to delineate the immuno-oncology-microbiome (IOM) axis, also emphasize the interest in
understanding the functional significance of the microbial interface with cancer [10, 15]. Previously, reports of success
in building an onco-diagnostic tool using tissue and blood associated microbial-signatures in treatment-naive cancer
patients had also highlighted the under looked sparse microbial content of the tumors [33]. These seminal studies
have now provided significant guiding evidence towards (i) primarily the differential microbial community composi-
tions in and around cancer cells [18], (ii) a microbiota regulated onco-immune system [10] and (iii) a preference of
the microbes to inhabit specific microniches in the TME [32]. Taken together, while onco-immunology has till date
played a pivotal role in deciphering the functional aspects of cancer-microbiota crosstalk, the functional models for
tumor associated ‘communities of microbes’ warrant further research. The foundational concepts of a rather closely
tied discipline - Ecology, may here aid the functional integration of microbial community studies with oncology.
Oncoecology, from the perspective of the tumor microbiome can in fact raise some pertinent and relevant questions:

e What challenges or insults would microbes face while transitioning to a dynamic, harsh, and complex environment
of tumors?

e How would microbes respond to such challenges?

e What would be the collateral impact of microbial response to such insults, on the tumor/TME? Would it be anti-
cancer or oncogenic?

In the current state of the art, the tumor-microbe interface remains underdiscussed from the above mentioned
point of view of oncoecology. We attempt to address this gap by reviewing the environmental conditions of the TME
that may act as ‘ecological stresses’ for the tumor associated microbiota. The foundational concepts of microbial
response to environmental stresses are also reviewed to interject the plausible compensative responses of the tumor-
microbiome against the perceived ecological insults. The synthesized knowledge subsequently helps in building
perspectives on the collateral impacts of this environmental sensing in the tumor micro(b)environment.
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2 The tumor-microbe interface

Success of colonization of tumors by microbes is expected to depend primarily on two factors—

(i) aninflux of the micro-organisms
(i) availability of conducive conditions for them to survive, thrive and co-exist in the tumor microenvironment.

While the influx can be driven by factors like luminal infiltrations (Fig. 1) through compromised epithelial/mucosal
barrier [34, 35], inheritance from normal adjacent tissues or NAT [18], zipper/trigger mechanisms of bacterial invasion
[36] and circulatory contributions from leaky vasculature of the tumor [37, 38], survival, thrival, and co-existence is not
only dependent on the availability of favourable micro-niches in the tumor microenvironment [32] but also on the
activation of microbial stress responses against the perceived unfavourable ‘environmental insults’ (including the inter/
intraspecies competition).
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Fig. 1 Graphical representation of a scenario, showcasing events that can contribute to intratumoral microbiome. Panel ‘intact barrier’ rep-
resents epithelial layer (with intact epithelial barrier depicted through tight junctions), host immune cells, luminal/mucosal microbiota and
blood vessels in a healthy state. Panel ‘compromised barrier’ represents depletion or weakening of epithelial barrier due to tumor microen-
vironment, providing opportunity to the host microbiota to breach the barrier. Panel ‘infiltration’ depicts the event of microbial infiltration
of compromised epithelial layer and consequent interface with tumor microenvironment (TME), including the associated host immune cells.
Excess immune cells are also recruited to the TME and neighbouring tissues due to the infiltration. Panel ‘interactions’ represents the event
of the host-microbiota entering the jungle of tumor micro-environment and commencement of its quest for surviving and thriving (repre-
sented by arrows showing microbe-tumor/microenvironment and microbe-microbe interactions in the ‘interactions’ panel)
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3 The environmental insults inside the tumor microenvironment

Tumor microenvironment, in fact, can offer several challenges/insults to the visiting microbes as summarised in the
graphical abstract and the Fig. 2. These include:

3.1 Nutrient stress

Two key hallmarks of tumor are the hyperproliferation and hyperanabolism [4]. The unregulated proliferation leads to
heightened energy and anabolic needs [4, 39]. Consequently, the tumor-microenvironment is always nutrient deprived.
While the adaptively programmed cancer cells are always hungry for glucose to utilize it ‘effectively and rapidly’ through
the Warburg effect [39, 40], the oncogenic mutations generally lead to a heterogenous cancerous mass dependent on
‘not one but various limiting substrates, leading to a continuous pressure on a variety of nutrients in the milieu of the
tumor [39]. This is further aggravated in the Cancer stem cells (CSCs) which represent a subpopulation in the tumor
microenvironment, and are undifferentiated and highly aggressive [41]. The infiltrating and intratumor microorgan-
isms are therefore expected to encounter a perpetually hungry and aggressive competitor as soon as they enter the
tumor-microenvironment. How the visitors (microbes) would respond to this nutrient stress, can potentially guide the
development of meaningful functional models of the tumor-micro(b)environment. Notably, the necrotic regions in the
tumor represent an exception, offering a less competitive, nutrient rich hypoxic microniche for the growth and prolifera-
tion of the microorganisms [32, 42].
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Fig.2 Characterization of the key environmental insults offered by tumor-microenvironment to the infiltrating/intratumoral microbes.
Nutrient stress, oxidative stress, acid stress, physical & osmotic stress and DNA damaging/cytotoxic stress in combination are expected to
offer significant and persistent insults to the incoming/prevailing microbes in the tumor microenvironment. Microbial response to these
stresses may in collateral promote or damage the tumor cells
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3.2 Oxidative stress

Reactive oxygen species (ROS), the free radicals, bearing unpaired reactive electron in their valence shells, are normal
byproducts of cellular respiration (oxidative phosphorylation). Redox homeostasis is critical for maintaining a balance
between the reactive oxygen species (ROS) and antioxidants [43]. The antioxidant-enzymes (e.g. superoxide dismutase
or SOD) mediated redox balance prevents the normal cells from cytotoxic damage and checks the tumorigenic effects
of ROS as well [43]. The balance of redox homeostasis however doesn't prevail in the tumor microenvironment which
is replete with the ROS (the oxidative stress) due to hyperproliferation, hyper-metabolism, mitochondrial dysfunction,
infiltrating immune cells, genetic (oncogenic) alterations, upregulated oxidases, peroxisome activity and among more
[5]. While primarily tumorigenic, ROS can inhibit tumors as well owing to their cytotoxic nature [5, 43]. Cancer cells there-
fore employ adaptive metabolic modes of managing the high ROS levels through NADPH accumulation, glutamine and
folate metabolism etc. [5]. The incoming microorganisms would also need independent intrinsic mechanisms to fend this
insult off or perish due to the deleterious effects of free radicals on various macromolecules (DNA, proteins, lipids, etc.),
including an eventual cell death. The collateral impact of said adaptive mechanisms on the tumor (microenvironment)
would be interesting to probe and understand.

3.3 Physical and osmotic stress

Tumors are like wounds that never heal [44]. Unlike normal tissues with a stable structure, composition and biochemistry,
tumor microenvironment is highly dynamic and unstable. This dynamicity is attributed to the continuous angiogenesis,
leaky vasculature, plasma extravasation, and a progression towards desmoplasia or solid tumors [44]. Furthermore, the
compressive stress faced by solid tumors, while invading and navigating through the normal adjacent tissue, causes
increased intracellular tonicity (osmotic pressure), triggering the upregulation of sodium efflux by tumors into the TME
[7]. Consequently, tumoral microbes are expected to face significant (i) ‘mechanical stress’ due to the dynamic spatio-
temporal composition of tumor, preventing surface attachment or promoting detachment, hence challenging the colo-
nization of the TME and (ii) ‘osmotic stress’ due to the efflux of ions challenging microbial survival under the perturbed
osmo-homeostasis. The continuous infiltration of inflammatory and immune cells [44, 45], including macrophages and
neutrophils, in the never healing wounds of tumor, can further aggravate the physical stress on the microbes seeking
a firm attachment or colonization. A notable example of immune surveillance mediated physical stress pertains to the
expression of neutrophil extracellular traps (NETs) in the tumor microenvironment [46]. NETs are extracellular complexes
containing fibres of decondensed chromatin (DNA), decorating protein granules, antimicrobial proteins and histones
used as a self-sacrificing defence mechanism (NETosis) by the neutrophils to trap and kill invading microbial pathogens
too large to engulf [47]. There are mixed evidence towards the impact of NETs on tumors. Studies have indicated an anti-
cancer role of NETs through apoptosis, necrosis, ROS and H,0, mediated cytotoxicity [46]. Evidence are also accumulating
that tumors are more inclined to leverage the NETs for proliferation and micro-metastasis [48, 49]. It is however invari-
ably well-founded that NETs function to inhibit or kill invading microbes. The strategies adopted by microbes to adapt
against or address these environmental stresses interfering with colonization would therefore be additionally critical in
understanding the microbe-tumor interplay, especially from a spatio-temporal standpoint.

3.4 Acid stress

The Warburg-effect or the preference for glycolytic metabolism is known to lower the pH of tumor-microenvironment
[40, 50]. This is attributed to the rapid extrusion of accumulated lactate to the extracellular environment. Addition-
ally, the acidosis is also promoted by the membrane-bound carbonic anhydrases through the release of protons while
sequestering carbon dioxide [50]. Both these acidification promoting mechanisms are essentially ‘adaptive responses’
of the cancer cells towards heightened energy needs (glycolytic metabolism) and hypoxia (over expressed carbonic
anhydrases). As a result, tumor-microenvironment exhibits an inverted pH gradient (pH. ¢ aceliutar < PHintraceliutar)r ©PPO-
site to the normal tissues/cellular environments, where extra-celluar pH is higher than the intracellular pH. An alkaline
intracellular pH helps tumors to proliferate and evade apoptosis within the physiological pH range (7.2-7.4), while an
acidic microenvironment (6.3-7.0) enables activation of proteases and metastatic pathways, enabling cellular dispersion,
immune-evasion, drug-resistance, and invasion of healthy tissues [50]. Given the heterogenous nature of tumors, a stable
pH gradient cannot be expected in the tumor-microenvironment. Moreover, the steepness in the pH changes between
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the normal cellular environment and the tumor-microenvironment can also be dictated by the anatomical geography
of the host (e.g. normal extracellular pH in: airway mucosa ~5.5-7.9, stomach ~ 1.5-3.5, colon: 6.1-7.5) [51, 52]. It would
be interesting to understand how the dynamic, slightly acidic pH environment of tumors can affect the survival of the
infiltrating microbes, which can having diverse pH sensitivities. The acidosis driven dispersion/metastasis of cancer
cells can additionally exert a physical stress on the existing colonies or the microbes seeking a site of attachment [50,
53]. Tumor-associated pH gradients and associated heterogeneity can therefore potentially influence colonization and
subsequent interactions between the tumor and the microbiome, warranting further research.

3.5 Xenobioticand DNA damage stress

In addition to the intrinsic hallmarks of cancer offering a variety of stresses to the visiting microbiota, the extrinsic inter-
ventional regimens exert tremendous stress on the tumor, normal tissues, and the native microbiome in and outside
the tumor-microenvironment. Cytotoxic and inhibitory effects of the xenobiotic chemotherapeutic agents on microbes,
much of which are attributed to the DNA damaging traits of these chemicals, are infact well founded [54, 55]. Given
that antibiotics have consistently been employed in many chemotherapies for their anti-cancer properties, the DNA
damaging, inhibitory or microbicidal action of the chemotherapeutic regimens are rather expected [56]. Maier and
colleagues however also demonstrated, in-vitro, the inhibitory effects of even the non-antibiotic chemotherapeutic
agents on well-known commensal microorganisms of the human gut [571. It has also been recently proven that the
conventional myelosuppressive chemotherapy disrupts intestinal microbiome [58]. The heterogeneity added to the
tumor-microenvironment by the (often) harsh therapeutic regimens, is therefore expected to add to the insults faced
by the visiting microbes. Understanding the microbial response towards exposure to this stressful microenvironment
replete with the chemotherapeutic agents can not only (potentially) describe the ecological basis of the consolidation
of tumor-microbiome, but also the microbe-drug-tumor interplay.

Furthermore, microbial genetic material can also be stressed by the ROS (as described earlier) and the pool of nucle-
ases expressed in the tumor-microenvironment. Nucleases, the enzymes that can hydrolyse nucleic acids, have consist-
ently been perceived as promising biomarkers for cancer. This is attributed to their frequently observed overexpression,
with some reports of interindividual variability, in the cancers of various types [59]. Nucleases however are also critical
towards establishing innate immunity against bacteria and viruses. This is achieved through pattern recognition recep-
tor (PRR) mediated pathways, which are aberrantly expressed in tumors [60]. These nucleic acid degraders, ranging from
exonucleases to endonucleases, are known to be expressed intracellularly, extracellularly as well as‘on the membrane’ of
cancer cells, marking their omnipresence in the tumor-microenvironment [61]. While the functional significance of the
largely overexpressed tumoral nucleases remain to be fully understood, studies have associated their overexpression
with aggravated tumor growth and digressive response to chemotherapy [59]. Notably, nucleases can also have bacte-
rial origin, predominantly employed in the bacterial warfare for survival in the competitive environments, targeting the
non-self microbes and host cells. Regardless of the origin, the targeting of the genetic material and other accessible
nucleic acids of the tumoral microbiome, can expose the microbiota to a heightened DNA damage stress and immune
surveillance. Microbial response to these multipronged stresses on their genetic material is an important factor deserv-
ing attention, for an overall functional understanding of tumor associated microbial communities.

4 Responding to the insults—microbial (counter) interactions

Microorganisms have evolved over billions of years to develop regulatory machineries for mitigating environmental
stresses through well-orchestrated gene regulatory networks [62]. The stringent stress response and the general stress
response are two key well-founded hallmarks of the stress regulatory responses in microbes [62, 63]. Depending
upon the nature of stress ‘perceived; as described in the subsequent sections, microbes can switch to an appropriate
response mechanism for survival. Survival (and resilience) however is a function of ‘facilitation’ under a harsh environ-
ment and ‘persistence’ through the complex intra/interspecies interactions (e.g. competition and cooperation) [64].
This is also described by Chesson in the species co-existence theory, attributing a stabilized community structure
to the influence of the environment on inter/intraspecies interactions including the consequent tolerance of invad-
ers/stabilized community to the mutual competition [65, 66]. The competitive phenotypes of microbes broadly fall
into two categories—(i) interference phenotypes and (ii) exploitative phenotypes [67, 68]. Interference competition
occurs when the ability of a microbe to survive or attain resources is directly thwarted by interfering phenotypes
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or antagonistic interactions like chemical warfare and contact dependent-killing. Production of broad-spectrum
antibiotics and strain-specific bacteriocins to eliminate rival microorganisms is a typical example of this chemi-
cal warfare mediated interference competition [67, 69]. Exploitative competition on the other hand is an indirect
competition, experienced when microbes attempt to survive in a resource limited environment among competitors
with overlapping nutrient requirements [67]. This entails phenotypes like secretion of nutrient-harvesting molecules
(e.g. siderophores for iron sequestration), upregulation of transport or uptake pathways, secretion of digestive pro-
teases, nucleases and even secretion of toxins like bacteriocins to specifically inhibit microorganisms with overlap-
ping nutrient needs [63, 67, 68]. An insight into the competition sensing mechanisms in the microorganisms in fact
rationally indicates that exploitative competition generates the interference competition between the microbes,
with the larger goal of ruling out any contest for the resources by adopting strategies which can inhibit, displace, or
kill the competitors [63]. As Cornforth and Foster propose, an umbrella term of “competition sensing”is less restric-
tive. It allows an emphasis on the ability of the microbes to sense any harmful stimulus or stressor, perceiving its
origins in potential competitors, self or non-self [63]. The suitability and strength of the response to the perceived
stimuli would therefore dictate the fate and function(s) of a microbial ecosystem. Given the heterogenous nature
of tumor-microenvironment, the dynamics governing the multi-species stress response and competition under the
harsh and variable environment of cancer [65, 66] potentially hold an important key to understand tumor-microbe
interplay. Simply put, the balance of ‘the stress, the stress response and survival’in the tumor micro(b)environment can
govern the dynamics of crosstalk between ‘the cancer and the microbes: Notably though, despite the microbial stress
response being defensive and compensative in nature [63, 67], it may not necessarily inhibit the cause of stress, i.e.,
cancer. This is unlike the response against competing microorganisms, where one microbe or community tries to
win against the other (the world of microbe-kills-microbe)[63]. The composition of microbial community, density of
the microbial populations, tumor physiology, the nature and the quantum of the evoked microbial stress response
and the immunological response against microbial invasion is expected to decide the anti-tumor or tumorigenic
role of the tumor microbiome.

For simplicity in describing the overarching theme of this article (environmental insults and compensative responses),
bacterial ecology and stress response mechanisms will primarily be emphasized in the subsequent sections. Bacteria,
the most abundant microorganisms inside human body, after all are prolifically studied, offering well founded and valu-
able models for understanding microbial response to environmental stresses. The terms ‘microbes and bacteria’ would
therefore be used interchangeably.

4.1 Doing collateral damage—Tumor targeting response of microbes

The stringent stress response (SSR) is an evolutionary conserved specific stress response mechanism, mediated by the
alarmone ‘guanosine tetraphosphate (ppGpp); that allows bacteria to reprogram their transcriptional activities when
faced with nutrient stress (e.g. amino-acid, fatty acid and iron limitations) [70, 71]. This entails a switch from translation
and biosynthesis to upregulated accumulation of limited resources [63, 70]. The state of nutrient stress offered by hyper
anabolic cancer cells, aggravated by the overlapping nutrient requirements of the tumoral microbes, can evoke the SSR
in the tumor-microbiota. This can reciprocate nutrient stress on cancer (Fig. 3), limiting its proliferation by competing for
the nutrients critical for tumor progression, particularly branched chain amino acids (BCAA), acetate and iron [72-74].
Ecologically, a quasi-exploitative competition between the microbes sensing the competitive nutrient environment can
elicit secretion of antimicrobial peptides/toxins like bacteriocins and other antibiotics. These microbiome derived mol-
ecules, primarily produced to fend off the perceived competition from the microbes with overlapping nutrient require-
ments, subject to the thriving of a favourable microbial community, may potentially inhibit the cancer cells in collateral
damage (Fig. 3A) [75, 76]. A significantly high production of colicins and microcins (anti-cancer bacteriocins) by mucosal
microbiome in CRC patients provides encouraging evidence in this regard [77]. The evidence pertaining to the ability of
bacteriocins to cross epithelial and vascular endothelial cells add to the plausibility of a targeted response not only by
the intra-tumoral microbes, but by the luminal, mucosal, NAT or stromal microbiome as well [78].

The presence of a global ‘General Stress Response (GSR)’ mechanism in bacteria, is however a key weapon in their
arsenal of defence against a broad range of environmental insults [79]. It is mediated by the specialized transcriptional
sigma (o) factor(s) that compete with the house keeping sigma factor to redirect transcription towards hundreds of
prokaryotic stress response genes, collectively called the general stress regulon. [79, 80]. Physio-biochemical stresses
triggering the expression of this regulon are rather well founded. These include bacterial exposure to nutrient starvation,
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Fig.3 Microbial response to nutrient limited and stressed tumor microenvironment. A Microbes may inflict collateral damage on the tumor
cells through competitive uptake of nutrients by the tumor microbiota. Expression of nutrient stress linked phenotype (e.g. Biofilms) can
aggravate the nutrient stress on hyperanabolic tumor cells and can also prevent dispersion of cancer stem cells to other tissues (metastasis
arrest). A quasi-exploitative competition between the microorganisms may also ensue, leading to production of antimicrobial peptides/
toxins (e.g. bacteriocins) to thwart competition from microbes with overlapping nutrient needs. Prevalence of a probiotic microbial com-
munity in and around the tumor microenvironment is expected to cause more collateral damage to cancer than a (dysbiotic) community of
pathobionts. B Biofilms inside the tumor microenvironment, produced in response to the nutrient stress can favor cancer proliferation and
metastasis through polyamine biosynthesis, degradation of therapeutic drugs and disruption of normal adjacent tissue. Competition for
survival between pathobionts (due to a dysbiotic native community) may lead to upregulation of pro-inflammatory microbial toxins, further
promoting the cancer progression

free radicals, heat, osmotic imbalance, acids, alcohols, membrane & DNA damaging environmental stimuli and more that
(threaten to) compromise the integrity and survival of a microbial cell [80]. Given the association of GSR with a regulon
consisting of hundreds of compensative genes, the phenotypic output of this defence mechanism is multi-pronged
and confers a broad cross-resistance against a variety of rather unrelated stresses [79]. Accumulation of nutrients (e.g.
glycogen, amino acids, acetate, iron, etc.), shift to fermentation and biofilm formation, expression of enzymes like cata-
lases and oxidoreductases, accumulation or synthesis of osmoprotectants (e.g. trehalose, amino acids, K*), heightened
expression of ‘amino acid decarboxylases, deaminases, proton pumping, biofilm formation’ for acid tolerance are few
classical examples of GSR phenotypes [79-84]. It is also pertinent to note the association of GSR with transition to the
stationary growth phase which is marked by a metabolic switch to the accumulation of inhibitory by-products/second-
ary metabolites like antibiotics, toxins and even complex behaviours like biofilm formation [79].

The diverse environmental insults offered by tumor microenvironment to the invading/thriving microbes are expected
to trigger the expression of the aforementioned general stress regulon. This is particularly true for nutrient and oxidative
stress (abundant in the TME) which are known to confer a broad cross-protectivity through the activation of general
stress response [80]. Table 1, backed by literature evidence, is compiled to describe the the key GSR linked phenotypic
outcomes that can (potentially) inflict a collateral reciprocation of insults on the cancer cells. The relevant tumorigenic/
tumor-promoting outcomes of the said GSR expression are summarised in the Fig. 4 and in the subsequent sections of
this article.

Under the right tumor microbial composition (native or interventional), this GSR and stationary phase linked in-vivo
production of compensative products may even support cancer-therapy by priming the onco-immune system towards
anti-tumor effects. The reported role of intra-tumoral probiotic gut-microbes in facilitating immunotherapy through
the secondary metabolite mediated triggering of the STING signalling (stimulator of interferon genes), highlights this
significance of tumoral colonization by commensal bacteria like Bifidobacterium spp. [98].

From an ecological point of view, insults like oxidative stress, DNA damage stress, physical stress and acid stress are
perceived as instances of direct challenges interfering with the ability of the microbes to survive and thrive. This calls for
an activation of interference competitive phenotype and hence release of antibiotics and strain-specific bacteriocins
towards the microbe-kill-microbe response [67]. The collateral damage inflicted on the cancer cells by this chemical
warfare started by microbes under the perceived interference competition is plausible and therefore deserves explo-
ration. The molecular mechanistic details underpinning this warfare may be described by the evolutionary matured
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Fig.4 Microbial quest for survival in the tumor affected ecosystem. Microbes and microbial products may infiltrate to tumors through dys-
functional epithelial barrier, adjacent tissues or circulatory system. (2) Stressful tumor environment can trigger stringent and general stress
response in microbes. (3) Environmental insults can lead to quasi-exploitative and quasi-interference competition between tumor microbes.
(3a) Competitive environment and resultant stress response manifests in the form of upregulation of nutrient and ion uptake, synthesis of
anti-microbial peptides/toxins, shift to fermentation, biofilm formation, redox balance and more causing collateral damage to cancer. (3b)
Microbial responses can be oncogenic/promoting too (e.g. toxin secretion, polyamine metabolism, ammonia formation, inflammatory LPS,
lowered oxidative stress on tumor, potassium influx). (4) Microbial metabolites including toxins and AMPs can access circulatory system for
potential systemic effects. (5) Properties of cancer cell membranes can enable targeted attack by cationic anti-microbial peptides

stress response mechanisms as described earlier. In addition to the development of functional models, this would be
important for the design of live biotherapeutics or dietary interventions aiming to favourably customize the microbial
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and metabolite composition of tumor invading/prevailing microbiota. Figure 4 provides a graphical overview of the
(aforementioned) events that may ensue in tumor micro(b)environment.

4.2 Into the wounds that never heal—tumor promoting response of microbes

While Rudolph Virchow first linked chronic inflammation with tumor development [99], Harold Dvorak’s comparison of
tumors with the ‘Wounds that never heal’ notified similarities between tumor stroma generation (essential for tumor
growth) and wound healing [44]. Microbial invasion of these wounds can spur the inflammation process [100], support-
ing the tumor elicited inflammation characterised by an accelerated recruitment of immune cells and up-regulation
of pro-inflammatory cytokines and growth factors [100-103]. This can not only promote tumor progression but also
aggravate the associated adverse symptoms. Notably, in-addition to the immune-regulating components of microbial
anatomy like flagellin and lipopolysaccharide (LPS), the secondary metabolic products of microbial stress response like
toxins (e.g. colibactin in certain strains of Escherichia coli and Bft toxin in Bacteroides fragilis) can be pro-inflammatory
and oncogenic [15, 100, 101, 104]. These, as interjected earlier, are expected to be elicited in response to the diverse
environmental insults faced by the invading microorganisms (Table 1).

The responses controlled by the general stress regulon may additionally support tumor progression (Fig. 4). This
includes (i) the neutralization of oxidative stress by microbes in the tumor microenvironment, thereby lowering the
compensative load on tumor cells which are also sensitive to redox imbalance [5, 88] (ii) acid stress management by micro-
bial urease system leading to the formation of normally cytotoxic, proinflammatory but a potent nitrogen-reservoir for
cancer cells - ammonia [84, 105] (iii) influx of potassium ions upon activation of osmotic stress response in the microbes,
lowering intracellular tonicity of tumors and limiting T-cell stemness that enables cancer clearance [7, 106, 107] and (iv)
the reported role of colonization assisting virulence factors (like FadA in Fusobacterium nucleatum) and stress resilient
bacterial biofilms, a phenotypic response expected against nutrient, physical, DNA damage and acid stress, in initiation
and progression of cancer (through LPS mediated inflammation, polyamine metabolism, toxin secretion and other well
founded pro-oncogenic responses) is worth consideration as well (Fig. 3B) [108, 109]. Furthermore, the fermentative
state of microbial growth under anoxic and nutrient depleted environment of tumors and normal adjacent tissue (e.g.
gut epithelium and lumen) may contribute acetate (the most abundant SCFA), which, even though is reported for its
anticancer potential, is also a key energy molecule for proliferating cancer cells (Fig. 3B) [73]. Noteworthy are the other
well-founded microbial metabolites out of this fermentative state contributing to the pool of pathognomonic metabo-
lites of cancer (oncometabolites) that accumulate in the TME due to genetic aberrations in the cancer cells, as well as
infiltrating cancer associated fibroblasts and macrophages [110, 111]. These include fumarate, 2-hydroxyglutarate, suc-
cinate and lactate, that are known to aggravate cancer resilience, proliferation, hyper-anabolism, neoangiogenesis and
aggressiveness [110, 111]. Consequently, this shared pool of oncometabolites among tumor and stressed microbial cells
is expected to further spur the state of cancer progression.

Unsurprisingly, the molecular basis of ecological interactions of tumor prevailing/invading microbes with the poten-
tially insulting environmental conditions dictate that the meeting of microbes with cancer can have both deleterious
and advantageous consequences for the tumor. Where the balance would weigh more, can only be determined by the
stabilized (or intervened) microbial population and its functional potential. It is therefore important, as we next discuss,
to ponder over the directions that can branch out of this school of thought and potential limitations in assuming the
native microbial populations of tumors, including any microbe-tumor cross-talk.

5 Future directions

Human body essentially serves as an ecosystem to the colonizing microbes. The organ and tissue specific (spatio-tem-
poral) territories of host microbiome are governed by the myriad of physiological, physical, metabolic and nutritional
conditions specific to the sites of microbial colonization. Tumor development needs to be viewed as an ecological
disturbance and its micro-environment as a perturbed niche capable of reshaping the structure of individual microbial
populations through systemic and localized environmental pressures. How prevailing microbiota responds and survives
against the ecological stresses offered by tumor development/progression is expected to drive the compositional and
metabolic variations observed in different individuals, across different types of tumors. Such an understanding is critical
to drive the development of in-silico models of tumor micro(b)environment through due attention to the dynamics of
underlying metabolic fluxes and multi-species interactions (‘host-microbe, tumor-microbe, microbe-microbe and even
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tumor-tumor’). A functional gradation and classification of key microbial players (e.g. drivers, passengers) identified inside
the tumor micro-environment may enable validation of the well founded driver-passenger models of various types of
cancer [112, 113]. Furthermore, domain informed artificial intelligence through the integration of onco-immunological
knowledge with the ecological gradients in the TME may help develop contextual (and perhaps more accurate) machine
learnt models for cancer classification, prognosis, survival analysis and even personalized therapy [23, 114]. Interpretation
of models that can accurately classify tumours of various types using this integrated knowledge may further help identify
the key players (microbial, metabolic,immunological, etc.) driving the cancer-diversity [113, 115]. This may translate into
comprehensive knowledge graphs, inter-omic networks and metagenome scale metabolic models of the TME [116, 117].
Agent-based models that have consistently been used for studying cancer evolution and simulated microbial ecosys-
tems independently, may also leverage a recalibration through integration of the discussed aspects of onco-ecology
with onco-immunology [118, 119]. Importantly, the aforementioned advances towards the functional understanding
of microbial response to tumor micro-environment can aid development of therapeutic regimens aimed at modulating
microbial populations and function thereof inside and around the cancer. This includes, but not limited to the dietary,
probiotic and prebiotic formulations that can assist an accelerated reshaping of host and tumor microbiome towards an
‘anti-cancer’community [77, 120, 121]. Such interventional modulations would be critical towards evoking desired quanta
of microbial functional responses, that in their native state may not exert sufficient and sustained benefits. It would also
be pertinent to project the ambitious possibility of preventive cocktails of pro/prebiotics that can sustain non-conducive
states for cancer growth in healthy, at risk or early stage subjects, by leveraging the knowledge of competitive warfare
in the tumor micro(b)environment.

6 Limitations and considerations

Cancer however is a complex group of diseases characterised not only by abnormally dividing hyper-anabolic cells,
unique micro-environment and location or site-specific manifestations but multifactorial confounders like specialized
care and aggressive therapeutic regimens (e.g. chemotherapy, radiotherapy, etc.) [6, 121, 122]. This milieu of confound-
ing factors can significantly impact the systemic as well as the localized host microbial ecology which may not overlap
with the expected or characteristic response of microbes inside and in vicinity of a treatment-naive tumor environment.

6.1 Spatio-temporal and model system variations
6.1.1 Site of cancer and microbial co-localization

Nejman and colleagues identified tissue specific distinct territories of tumor microbiota, highlighting the anatomical
diversity in the microbial signatures of the cancers of different body sites [18]. For example, breast tumor microbiota was
observed to be highly rich and diverse when compared to tumors of other body sites [18]. Previously, distinct (patho-
genic) microbial species had already been associated with tumors of different body sites e.g. Helicobacter pylori (gastric
cancer), Salmonella typhi (gall bladder cancer), Chlamydophila pneumoniae (lung cancer) and Fusobacterium nucleatum
(colon cancer) [10, 14, 16, 17]. This site-specific diversity limits the ability to develop universal models of tumor-microbe
interactions. Microbial cells can also potentially localize within (intracellular) or as frequently observed outside the (extra-
cellular) cancer cells. A comprehensive pathological analysis of various tumor cores by Nejman et al., in fact indicated a
predominated intracellular localization of microbial 16S rRNA and LPS inside the cytoplasm of cancer cells, a discovery
warranting further reproduction [18]. Heterogeneity in tumor-microbe cross-talk is only expected to be further aggra-
vated by the gradients of stress that might be experienced by microbial cells while navigating the (extracellular) tumor
microenvironment for any intra-cellular localization within the tumor and tumor-supporting cells.

6.1.2 Stage of cancer and microbial co-evolution
The quantum of environmental stresses in the tumor microenvironment are expected to depend on the stage or sever-

ity of the cancer as well. This in turn may dictate the shape of the community that can sustain and evolve at each stage
of cancer. The cataloguing of lesional and non-lesional gut mucosal communities across different stages of colorectal
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tumorigenesis by Nakatsu and colleagues corroborates the same [122]. It was observed that structurally unique metacom-
munities are established at each stage of neoplasm progression, with enrichment of Fusobacterium spp. and Bacteroides
fragilis in colorectal cancer [122]. A recent report highlighting high tumor-bacterial diversity in advanced stage papillary
thyroid carcinoma (PTC) lesions, as compared to mild lesions adds to the corroboration [22]. Evidence in support of a
significantly perturbed microbial community in cancer associated tissue across various tumor types, as compared to
matched and unmatched healthy samples, are rather well reported [10, 22, 28, 122].

6.1.3 Cancer model and Inter-individual variability

Significant research on cancer treatment and diagnosis is carried out in natural or artificial (including in-vitro and compu-
tational) preclinical models [123]. Preclinical research is both a mandatory part of drug development/approval pipeline,
as well as a key to comprehensive screening before translation can be attempted in human subjects [123]. The challenges
in validating or recalibrating models across preclinical and clinical tumor microbiome research are therefore worth con-
sideration as well [123]. Additionally, the personalized nature of host microbiome, governed by an individual’s personal
spatio-temporal, race, geography, diet and lifestyle related dynamics adds to the complexity of factors that need to be
accommodated for arriving at translatable models or personalized interventions [11, 12, 124]. The variations can further
be complicated by the co-morbidities or other disorders or genetic predispositions that can systemically perturb the
host microbiome [124].

6.1.4 Microniches in the tumor microenvironment (TME)

The TME is highly heterogeneous encompassing different cell types, extra-cellular matrix, necrotic regions, spatial gra-
dients of free radicals, growth factors, cytokines and more [3, 9]. The regions of spatial and molecular heterogeneity
constitute specialized microniches in the TME. Notable regions may be classified into (i) hypoxia microniche (containing
proliferating cancer cells, stripped off oxygen supply) [125] (ii) necrotic microniche (containing dead cells and necrotic
tissue) [125] (iii) acidic surface/synaptic microniche (representing the surface of the TME, the junction between normal
adjacent tissue and tumor microenvironment) [6, 29] (iv) metastatic microniche (containing disseminated tumor cells
with growth factors and immune evasion) [126] and cancer stem cell microniche (containing highly aggressive cancer
stem cells) [41, 126]. It has been observed that microbes aren’t uniformly distributed in the TME and rather preferentially
localize themselves in specific microniches. Members of Clostridium, Bifidobacterium and Salmonella for example prefer
hypoxic and nutrient rich necrotic microniche suitable to their anaerobic nature [125]. A recent attempt to profile micro-
bial tumor distribution in oral and colorectal cancers through spatial transcriptomics also revealed the localization of
microbes (especially Fusobacterium) in distinct niches with progressing cancer and suppressed immune surveillance [32].
A uniform distribution of microbes in the TME can therefore not be assumed. Considerations for different microniches
suitable for the physiology of the target or interventional microbiota may hold significance for meaningful functional
modelling of the TME.

6.2 Treatment regimen

The systemic implications of surgical (like Ostomy) and case-dependent dosages and durations of invasive therapeutic
regimens like radiation or chemotherapy add to the associated complications of the disease and its ecosystem [121,
123, 124]. As described in Sect. 3.5, the therapeutic regimen like chemotherapy can exert excess DNA damage stress
and disrupt the host microbiome (including the tumor microbiota) [58]. This disruptive impact can vary based on the
duration and dosages of the therapy. A progressively reducing alpha diversity of tumor microbiome over the course of
radiotherapy in HPV-associated oropharynx cancer was infact recently reported [28]. A general shift in microbial composi-
tion attributed to the perioperative procedures like antibiotic administration, mechanical bowel preparation and dietary
restrictions can also add to the confounders needing accommodation in modelling the tumor associated ecosystem [127].
In the event of surgical removal of tumors, the post-operative host microbiome often requires interventional reshape,
preferably with anti-cancer effects. For example, montmorillonite is advised to cancer patients to avoid toxic effects
of antibiotics on the probiotic microbial communities [128]. Controlling the evolution of tumor associated microbiota
(through antidotes) towards beneficial personalized communities would therefore be challenging but critical under the
variable stresses of different treatment regimen [127-129].
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6.3 Lengthy workflow and contaminations

Worth consideration are the challenges associated with reproducing the results of microbiome studies (the reproducibil-
ity crisis), especially considering the compositionally sparse microbiota of tumor [18]. Given the extremely low microbial
load of tumor associated samples, contaminants become an additional and key bottleneck to address against innumer-
able sources of contamination throughout the lengthy workflow of a microbiome study [18, 19].

7 Conclusion

Surviving and thriving are key to organismal existence in the living world, microbes are no exception. Appreciating the
challenges associated with colonization of an environment as complex and heterogeneous as the TME and linking them
with what is well founded in microbial ecology can drive foundational understanding of microbial role in modulating
the tumor microenvironment. Here an effort was made to characterize the relevant stresses in the tumor microenviron-
ment that may serve as insults compromising the colonization and survival of microbes in the harsh environment of
the tumors. Upon revisiting the classical evidence of microbial ecology/competition and stress response, it becomes
encouragingly clear that collateral impact of microbial compensative responses to the consistent insults of the TME
could hold an important key for developing functional models of tumor-microbe interaction. The success of various
dietary regimens and microbial interventions (e.g. pre/probiotics), that attempt to channelize the host-microbial arsenal
for cancer prevention or treatment may after all have roots in the basic concept of microbial competition sensing and
their response to the environmental stimuli [63, 130, 131]. Understanding such stimuli in tumor micro(b)environment
and microbial responses to the same, may therefore be critical to throw light on what happens (and can happen), when
microbiota meets cancer.
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