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Introduction
Cancer, one of the foremost reasons of deaths throughout the world, is a disease whereby some of body's cells

grow uncontrollably and spread to other parts of the body. In 2020, more than 1.8 million new cancer cases were
estimated to be diagnosed and around 606,520 of people died in the United States alone [1]. An enormous variety
of cancer types have been reported and studied worldwide. The most common in humans are breast, lung, colon,
rectum, and prostate cancers. There are several causes for cancer development in humans, including tobacco use,
high body mass index, alcohol consumption, unbalance food intake and lack of physical activity [2, 3]. Moreover,
there are also biological carcinogens, often carried by microorganisms such as viruses, bacteria, or parasites,
reported as the major reasons of cancer development [4]. Despite the massive efforts made in the cancer research
field and the remarkable progress seen at the clinical level, cancer treatment and prevention are yet intangible.
Besides its urgent need for treatment, cancer dynamics are highly related to the understanding of life itself from
genetic to ecological perspectives and a better understanding of cancer per se is crucial for greater knowledge of
human biology and scientific advancement. However, due to their cardinal feature of evading the immune system,
which delay the design of effective anticancer therapeutic strategies, further advancement is needed for current
cancer therapies. 

Regarding cancer persistence, numerous studies have reported that several factors contribute to the tumor
persistence in a steady state immune system. The equilibrium and senescence of patients’ immune systems are
considered two key mechanisms underlying cancer detection during immunological surveillance [5]. Another
possible mechanism influencing cancer immune avoidance is likely related to regulatory T (Treg) cell function or
their anti-inflammatory cytokine secretions. These cells are responsible for modifying the production of immune
suppressive mediators, tolerance and immune deviation [6-9]. Therefore, it is necessary the development of
strategies that enhance immune responses under cancer environments to promote the efficacy of current cancer
therapies.

Recently, microbiota indicating varied microorganisms such as bacteria, virus, fungi and archaea in most living
organisms has been shown to exert great potential in affecting human health and disease, particularly controlling
the immune system [10-12]. Over the last few decades, the microbiome research field has been rapidly evolving
and has become a topic of great scientific and public interest, with the development of remarkable tools, such as

During the last decades, research and therapeutic methods in cancer treatment have been evolving. 
As the results, nowadays, cancer patients are receiving several types of treatments, ranging from 
chemotherapy and radiation therapy to surgery and immunotherapy. In fact, most cancer patients 
take a combination of current anti-cancer therapies to improve the efficacy of treatment. However, 
current strategies still cause some side effects to patients, such as pain and depression. Therefore, 
there is the need to discover better ways to eradicate cancer whilst minimizing side effects. Recently, 
immunotherapy, particularly immune checkpoint blockade, is rising as an effective anti-cancer 
treatment. Unlike chemotherapy or radiation therapy, immunotherapy has few side effects and a 
higher tumor cell removal efficacy depend on cellular immunological mechanisms. Moreover, recent 
studies suggest that tissue immune responses are regulated by their microbiome composition. Each 
tissue has their specific microenvironment, which makes their microbiome composition different, 
particularly in the context of different types of cancer, such as breast, colorectal, kidney, lung, and 
skin. Herein, we review the current understanding of the relationship of immune responses and 
tissue microbiome in cancer in both animal and human studies. Moreover, we discuss the cancer-
microbiome-immune axis in the context of cancer development and treatment. Finally, we speculate 
on strategies to control tissue microbiome alterations that may synergistically affect the immune 
system and impact cancer treatment outcomes.

Keywords: Microbiome, immune responses, cancers, immunotherapy, tissue microorganisms, microbiome-
immune axis

Received: August 3, 2022
Accepted: August 16, 2022

First published online:
August 19, 2022

*Corresponding author
Phone: +82-31-670-4792
E-mail: Son0177@cau.ac.kr

pISSN 1017-7825
eISSN 1738-8872

Copyright © 2022 by the authors. 

Licensee KMB. This article is an 

open access article distributed 

under the terms and conditions 

of the Creative Commons 

Attribution (CC BY) license.

Special Topic-Gut microbiome



Cancer-Microbiome-Immune Axis: An Emerging Approach 1087

September 2022⎪Vol. 32⎪No. 9

next-generation sequencing (NGS) techniques, for genomic studies. In the past several years, scientific research
on the relationship of the microbiome and host immunity has grown exponentially. Strikingly, studies have found
that, on one hand, the microbiome crucially shapes the development of innate and adaptive immunity and, on the
other hand, the immune system itself influences the microbiome [13-15]. 

Despite the existence of many studies in the past decades demonstrating the relationship of cancer therapies and
the immune system, our knowledge on the use of the host microbiome to improve immune responses under
cancer environment remains limited, particularly regarding solid tumors. Furthermore, little is known about the
changes of microbiome under cancer environments. Herein, we highlight recent evidence describing the roles of
the microbiome and the immune system in cancer pathophysiology, reviewing knowledge that can be applied to
improve cancer therapies. 

Microbiome: General Facts and Its Role in Cancer 
Microbiome in Different Tissues

Microbiota encompasses a community of microorganisms, including commensal, symbiotic or pathogenic,
living in a specific environment or organism [16, 17]. In healthy humans, microbiota such as bacteria, viruses and
fungi have been found in most organs including the mouth, throat, nasal cavity, gut, lung, and vagina [18, 19].
Recently, advancements in genetic technology have supported the development of microbiome studies focused on
the communication and genome information of microbiota in specific microenvironments [20-22]. In fact,
during the last decade, the development of NGS techniques, including 16S rRNA gene sequencing, RNA
sequencing, and shotgun metagenomic sequencing, remarkably enhanced our knowledge about the microbiome,
allowing the characterization of unculturable microorganisms [21, 23].

The human intestine harbors the most abundant microbiome, composed of a great number and wide variety of
species and metabolites compared to other organs [24-26]. The most striking feature of the gut microbiome is that
gut microbiome can affect the maintenance and/or function of other tissues [27-29]. For example, serotonin, a
powerful neurotransmitter involved in mood regulation, can be synthesized in the gut microbiota and transmitted
into the brain through the “gut-brain axis” [30].

Regarding the lung microbiome, the Proteobacteria is one of the most dominant phyla and lung has distinct
features compared to other microbial groups in the oral and nasal cavities, gut, skin, and vagina. It has been
previously reported that the alpha diversity of lung microbiota, a measure of microbiome diversity within a local
scale, can be influenced by environmental factors such as air particles, the density of residency populations,
history of tobacco smoking or of chronic bronchitis [31].

Lactobacillus including L. crispatus, L. gasseri, L. iners and L. jensenii is common species in vaginal area. Lactic
acid, the major product from Lactobacillus, maintains lower pH in the vaginal area, and together with bacteriocins
and hydrogen peroxide it provides the protective function against foreign pathogens [32, 33]. Moreover,
lactobacillus have been reported that it can induce the differentiation of regulatory T cells (Tregs) to prevent
excessive inflammation in this area [34].

Overall, each human organ has its own set of microbial species because they provide different ideal
environments, with specific factors such as high oxygen, insufficient nutrients, and acidic surface, for microbiota
to live in. Therefore, in the next subsections we will further investigate the roles of tissue-specific microbiome in
different cancer environments.

Microbiome in Different Types of Cancers
Several recent studies have indicated a critical role of the microbiome in different tissues for numerous diseases,

including the formation and development of cancer (Fig. 1) [35-37]. As mentioned in the previous section, current
“omics” technologies, such as transcriptomics, proteomics, metabolomics, and metagenomics, have enabled a
richer and deeper understanding of the relationship between the microbiome and specific-tissue cancer
development and progression. 

The report of global cancer statistics shows that colorectal cancer was ranked a third in new incidences and
second in deaths [38]. A large number of microbiota is observed in the intestinal area and it shows a close
interaction with this organ to contribute to energy harvesting, adjusting immune system and metabolisms [39-
42]. Early animal studies of colorectal cancer demonstrated that specific microbiota including species of
Escherichia, Enterococcus and Bacteroides were involved with developing colorectal carcinogenesis in germ-free
and conventional mice models [43-45]. Gut dysbiosis is one of the critical reasons to promote cancer development
via induction of chronic inflammation by pathogenic microbiota infiltration into organ. Enterotoxigenic
Bacteroides fragilis (ETBF) is involved with the tumor formation by producing toxin which induces a chronic
inflammation [46]. Escherichia coli (E. coli) promotes the gut permeability, resulting increase the pathogenic
bacteria infiltration into mucosa area [47]. These results suggest that microbiota in cancer environment is closely
related to gut disease progress.

The lung is one of the human organs that is most consistently exposed to external microbial stimuli. Evidence
shows that the lung has a distinct microbiome composition, a key factor that may contribute to the development of
lung cancer [48, 49]. When compared to healthy control samples, tissue samples from lung cancer patients were
found to have a significant increase of Granulicatella, Abiotrophia, and Streptococcus genera, despite the apparent
decreased diversity of microbiota [31, 50-52]. One study has reported that specific bacterial taxon may contribute
to the development of lung cancer, with a high relative abundance of Thermus genus being observed in tissue
samples from subjects with advanced tumor stages, and a high relative abundance of Legionella genus being
dominant in patients who developed metastases [31]. In saliva samples from lung cancer patients, Veillonella and
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Capnocytophaga genera, which are usually present in oral sites, were shown to be dramatically higher, being
considered early detective biomarkers of small cell carcinoma and adenocarcinoma [53]. Furthermore, a relative
abundance of Veillonella and Megasphaera genera has been reported in bronchoalveolar lavage samples of lung
cancer patients compared to healthy control [54]. Granulicatella adiacens and other opportunistic pathogens were
also found in sputum samples of lung cancer patients [52]. Overall, it is hard to define specific bacterial taxa
associated with lung cancer due to the variability in the type of patients and in the sample collection methods.
However, certain species of microbiota which persisting with consistent characters; the enhancement of total
abundance of microbiota, decreased alpha diversity, and altered bacterial composition have been observed in the
lung cancer patients. Although the effects of an altered bacterial diversity in lung cancer patients have not been
elucidated yet, a recent article showed that an enhanced alpha diversity has a positive correlation with the survival
ratio of patients as well as with better effects of treatments on both cervical cancer and resected pancreatic
adenocarcinoma [55, 56]. 

The dangerous relationship between HPV infections and the vaginal microbiome has been reported to
contribute to vaginal carcinogenesis [57-60]. Recent evidence, obtained through 16S rRNA sequencing, shows
that certain anaerobic microbes are abundant within the vaginal microbiome of HPV-infected patients,
suggesting that specific changes in microbiome composition may be utilized as a biomarker to assess the presence
of HPV and identify alterations in the cervical microenvironment [57]. Similarly, microbes belonging to
Prevotella, Porphyromonas, and Enterococcus genera were found to be increased in the HPV-infected cervical
environment, whereas the relative abundance of Bacteroides genus was decreased [61]. Gene expression studies
involving patients with cervical lesions are crucial to identify the critical relationship between HPV infections and
cervical cancer. For instance, a recent report shows that the expression of toll-like receptor 4 (TLR4) is closely
related to HPV infection and vaginal cancer cell growth, with TLR4 signaling contributing to the formation of a
local immunosuppressive microenvironment in the vaginal area [60]. Another study demonstrates that both the
human immunodeficiency virus (HIV) and the herpes simplex virus (HSV) are associated with the formation of
cervical cancers, suggesting that the increase of microbiota diversity and cervicovaginal inflammation in HIV or
HSV seropositive patients may adversely impact genital health [58]. 

Various recent studies have revealed the composition of the microbiome in breast cancer tissue. Specifically, the
human papillomavirus (HPV) is one of the most common microorganisms present in breast cancers when
compared to other normal breast controls [60, 62, 63]. Interestingly, several studies suggest that the HPV might be
a critical trigger for breast ductal carcinomas due to its capacity to immortalize resident epithelial cells [64-66].
Besides HPV, live bacteria from three main phyla, including Proteobacteria, Firmicutes, and Actinobacteria, are
found in breast cancer tissues [67]. Additionally, results obtained from the correlation analysis of expression
profiles in samples from breast cancer patients show a strong association between Haemophilus influenzae and
proliferation pathways genes, namely G2M checkpoint and E2F transcription factors [68]. These data suggests
that alterations in bacterial diversity may influence the host immune response and, therefore, lead to positive
outcomes in cancer patients.

Fig. 1. Varied microbiota composition in several human organs under the cancer environment. HPV is
dominant microbe in the breast cancers and Proteobacteria, Firmicutes, and Actinobacteria were also reported as the major
phyla in the patient who have a breast cancer. Similar to breast cancer, HPV has been found in vaginal area as well and it has been
reported that it might cause the vaginal carcinogenesis. Due to the functional feature of lung which consistently exchange the
air, lung has a distinct microorganism content like a significant increase of Granulicatella, Abiotrophia, and Streptococcus
genera. Intestine area includes most diversity of microbiota than other organs and it can affect other tissue’s microbiota
composition. Certain metabolites from microbiota of intestine transfer into liver then might regulate inflammation and
hepatotoxicity in the liver via Gut-liver axis.
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Microbiome and Immune Axis
Several reports have demonstrated the clear relationship between the microbiome and the immune system,

including both innate and adaptive immune responses. Early studies using germ-free (GF) animals provided
evidence suggesting the connection between microbial exposure and the development of an immune system [13,
69]. Indeed, GF mice were found to exhibit increased vulnerability to infections. However, when microbiota from
standard pathogen free (SPF) mice was transplanted into GF mice, immunodeficiency was overhauled and
returned to normal levels, with immune maturation taking place. Regarding innate immunity, gut microbiota
demonstrated its ability to enhance myelopoiesis and myeloid cell maturation, induce functional innate lymphoid
cells [13, 70]. All these studies suggest that microbes are engaged in the maturation of both innate and adaptive
immunity. Many epidemiological studies have also supported the idea that the immune development is critically
shaped by the microbiome. In the processes of carcinogenesis and cancer progression, the microbiome
contributes to the alteration of the immune system to manipulate and regulate the crosstalk between the immune
system and the tumor. In the following subsections, the microbial influence on each type of immunocyte during
cancer development will be reviewed.

Dendritic Cells (DCs)
DCs are located in the basement membrane of mucosal tissues and represent the first line of defense against

microbes, functioning as the most efficient antigen-presenting cells (APCs) that trigger adaptive immunity. One
study has shown that gut microbiota TLR4-mediated signaling induces the activation of DCs and the activation of
adoptively transferred tumor-specific CD8+ T cells in melanoma mice models [71]. Similarly, treatment of
vancomycin an antibiotic that mainly acts on gram-positive bacteria in the gut, was found to enhance the cross-
presentation of tumor-associated antigen (TAA) on DCs and to promote the activation of cytolytic CD8+ T cells
[72]. The composition of microenvironment and microbiota-derived cues are critical to program conventional
DCs during steady-state conditions for proper immune response. Particularly, microbiota was found to be
required for the constitutive production of type I interferons (IFN) by plasmacytoid DCs, thus triggering early
immune responses against pathogen invasions [73].

Natural Killer (NK) T Cells
NKT cells, which are engaged in anti-cancer cytotoxic immune responses [74], are also affected by the

microbiome. It was found that gut bacteria that metabolize primary into secondary bile acids hamper the
immunological surveillance of liver cancers through the chemokine-dependent accumulation of hepatic NKT
cells. In fact, when vancomycin was applied to modulate the gut microbiome, NKT cells were activated to promote
anti-tumor immune responses [75]. Conversely, another report shows that invariant NKT (iNKT) cells can shape
gut microbiota during intestinal inflammation. Indeed, in iNKT-deficient mice, gut inflammation was found to
be significantly less prominent as compared to WT control mice. Strikingly, the composition of gut microbiota
was dramatically altered in iNKT-deficient mice. Moreover, certain types of neutrophiles endowed with anti-
inflammatory functions were more frequently recruited in iNKT-deficient mice. Overall, the iNKT cell–
microbiota–neutrophil axis was found to play a critical role in regulating gut inflammation [76]. These data
suggests that NKT cells are modulated by the host microbiome activity and, conversely, may be involved in the
alteration of the gut microbiome composition. 

Macrophages
Macrophages is one of the major cells involved in innate immunity, with M1 phenotypes playing an

inflammatory role and M2 phenotypes participating in anti-inflammatory functions [77, 78]. Specifically in the
gut, tissue-resident macrophages – traditionally of M2 nature – are less responsive to lipopolysaccharide (LPS)
stimulation and produce lower levels of pro-inflammatory cytokines including interleukin (IL)-1β, IL-6 and
TNF-α when compared to circulating or blood monocytes [79, 80]. Tumor-associated macrophages (TAMs) are
M2 polarized macrophages that produce chemokines and cytokines in the tumor microenvironment to repress
cytotoxic T cell activities and induce cancer progression and metastasis [81]. Microbial dysbiosis was found to
induce M2 phenotype, promoting the formation of an immunosuppressive milieu and accelerating colonic tumor
growth [82]. On the other hand, Fusobacterium species were shown to drive colorectal cancer progression by
altering the innate immune system and inducing the expression of myeloid-derived suppressor cells and TAMs in
the tumor microenvironment, thus suppressing T cell response [83, 84].

T Lymphocytes
The microbiome critically affects T cell formation and immune responses. For example, segmented filamentous

bacteria (SFB), a commensal bacterial microbiota group, is known to be required for the development of intestinal
Th17 cells [85]. Furthermore, gut microbiota-derived metabolites, specifically short-chain fatty acids (SCFAs),
have been reported to participate in the differentiation of T helper 1 (Th1) or Treg cells [86-88]. Interestingly,
microbiota and T cell immunity manifest a critical relationship in the development of autoimmune diseases,
including rheumatoid arthritis, type 1 diabetes, obesity, and asthma [89, 90]. Moreover, Bacteriotherapy using
commensal bacteria transfer, activate the Treg cells via Myd88 signal pathway, providing the protection effect to
food allergy particularly in infants [91]. The gut microbiome is also found to regulate anti-cancer adaptive
immune activity, as gut microbiome-depleted mice with pancreatic cancer showed increased levels of CD8+ T cells
secreting IFN-γ and decreased levels of T cells secreting IL-10 and IL-17 [92]. 
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General Immune Responses in Cancer
One of the most fundamental roles of the immune system, first suggested half of century ago, is the concept of

immunological surveillance of cancer cells in the body [93]. The essential feature was that immune cells would
recognize and eliminate tumor cells, similar to the immune protection provided against infectious pathogens. The
hypothesis underlying immunological surveillance system of tumor growth was predicted to fail in
immunodeficient conditions and to promote increased tumor incidence. However, and strikingly, one study
showed that, when tumor cells were inoculated into immunodeficient nude mice there was no significant
enhancement of tumor incidence [94]. Nude mice could still generate thymus-independent T cells, though in
smaller numbers. Their innate immune system played a compensatory role to support the lack of the adaptive
immune system, therefore, providing minimal immunological surveillance against tumor development. To clarify
this association, cancer incidence was re-examined in a series of studies using different immunodeficient mice
models, including genetic knockouts for RAG2, IFN-γ receptor, or type 1 IFN receptor genes [95]. Interestingly,
without prior treatments using carcinogens or crossing with a cancer-prone genetic background, these knockout
mice displayed a higher incidence of an invasive adenocarcinoma cancer type throughout their entire lifespan
[96]. These results suggest that immunological surveillance is essential to limit tumor incidence, even without
prior exposure to carcinogenic environments.

During tumor development and progression, tumor cells avoid the immune system via either repressing the
immunological function that may arrest tumor growth or by facilitating the creation of a specific
microenvironment that inhibits the tumoricidal functions of immune cells [97, 98]. Several recent studies have
demonstrated that antigen-specific T cells transferred into tumor-bearing mice were rapidly turn into an anergic
status [99, 100]. These results show that tumor cells provide a permissive microenvironment that renders tumor T
cell tolerance to escape immunological surveillance. The mechanisms by which Treg cells control the immune
system have been shown to rely on the production of IL-10 and transforming growth factor (TGF)-β [101]. In fact,
several animal studies revealed that enhanced Treg expansion potentially causes an impaired anti-tumor
immunity [102, 103]. The key mechanisms of immune invasion in cancer are the signal transducer and activator of
transcription 3 (STAT3) pathway and myeloid suppressor cells (MSCs) [104-106]. STAT3 signaling plays a critical
role in MSC development within the tumor microenvironment. In turn, MSCs produce high levels of reactive
oxygen species (ROS) and/or reactive nitrogen species (RNS) that inhibit T cell responses in the tumor area [107-
110].

Microbiome-Immune Axis Effects on Cancer
Colorectal Cancer (CRC)

Fairly robust evidence supports the idea that gut microbial dysbiosis contributes to carcinogenesis in CRC [111-
113]. Indeed, tumor microbiota found in the CRC region was shown to be distinctly different from the adjacent
healthy mucosa [114-116]. Preclinical data support this notion, stool samples, which include tumor microbiome,
from CRC patients, were transferred into conventional mice influence the induction of polyp formation and
enhance the expression of procarcinogenic signals and alter the local immune niche [117]. Apart from this
dysbiosis-inducing carcinogenesis, some bacterial strains were found to stimulate inflammation that can cause
carcinogenesis through the secretion of proinflammatory toxins. For example, enterotoxigenic Bacteroides fragilis
are known to produce such toxins [118-120]. Besides the production of proinflammatory toxins, there are several
ways for such bacterial species to induce carcinogenesis: they may increase the production of ROS [121], modulate
signaling pathways important for tumor development in human and mouse tumor models [83], or act to prevent
antitumor immune functions [122]. Some microbiota species may also produce metabolites, such as colibactin,
produced by E. coli [123, 124], and cytolethal distending toxin, produced by Campylobacter jejuni [125], that directly
produce genotoxic effects. Components from Fusobacterium nucleatum, including FadA adhesion (FadAc)
complex, can also activate the β-catenin-Wnt pathway in human colon cancer to induce oncogenic changes [126].

Liver Cancer
The microbiome located in the gut has also been shown to engage in other malignancies, such as the

hepatocellular carcinoma (HCC) [127]. The liver is constantly exposed to microbial communities located in the
intestine through the portal venous system. Their metabolites and byproducts may trigger inflammation and
hepatotoxicity, or directly induce carcinogenesis. For instance, the modification of primary bile acids, mainly
produced by the liver, into secondary bile acids, such as deoxycholic acid (DCA), by microbiota can lead to
increased DNA damage, hepatotoxicity, and carcinogenesis [128]. Furthermore, in mouse models, the
accumulation of primary bile acids and secondary bile acids changes the concentration of NKT cells in the liver,
which was found to repress primary tumor growth and metastasis [75]. In addition, infectious hepatitis, obesity,
non-alcoholic steatohepatitis (NASH) and several other pathologies that may induce inflammation and trigger
cirrhosis, possibly leading to the development of HCC, are found to be related to gut microbiota [129].

Breast Cancer
Gut microbiota was also shown to induce breast carcinogenesis through the manipulation of steroid (estrogen)

metabolism, and the regulation of energy metabolism and obesity [130]. In fact, gut microbiota was found to have
the ability to modulate the expression profile of circulating estrogens and phytoestrogens, impacting on the
emergence of breast cancer [131]. Alongside this microbial influence on metabolism, breast cancer is highly
affected by the immunological aspects of the microbiome. Indeed, it was found that fat-rich diets may cause
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dysbiosis, promoting the growth of Proteobacteria phylum including the specieses E. coli, Klebsiella, Enterobacter,
Citrobacter, and Fusobacterium nucleatum and hampering the growth of some phylum Firmicutes and
Bacteroidetes [132]. Notably, probiotic, including abundance of Lactobacillus reuteri, contributes the anti-cancer
effects, triggering the development of CD4+CD25+ lymphocytes [133]. Contrast to previous enhancement of anti-
tumor effect by microbiota treatment, inoculation of Fusobacterium nucleatum, originally known to located oral
area, attenuated the accumulation of T lymphocytes including CD4+ or CD8+ T cells, thus the breast cancer cell
growth and metastasis was accelerated [134]. However, robust evidence on the direct link between these bacteria
and breast cancer is still needed.

Lung Cancer
Recent reports indicate the abundance of microbiota in the respiratory tract, which have been shown to

contribute to lung tumorigenesis [49, 135]. Metabolites secreted by lung microbiota were found to affect the
metabolism, and specifically the oncogenic pathway, of lung cancer cells [136]. Moreover, it has also been
described that lung microbiota is involved in shaping the immune microenvironment, which can further support
cancer cell growth in the lung [136]. Generally, the immune circuit within lung resident immune cells contributes
to the homeostasis of respiratory tract tissues during steady states, playing a critical role as a first immune
protector against foreign pathogens [137]. Recently, it has been reported that chronic inflammation in the lung
tissue is closely related to cancer development due to the accumulation of inflammatory cells, cytokines,
chemokines, angiogenesis, and metastasis [138]. Despite the existence of several studies addressing the causes
underlying chronic lung inflammation, which may trigger tumorigenesis, the mechanisms are yet to be elucidated.

Several articles have demonstrated the role of lung microbiota in lung tumor development. Similar to the gut,
the accumulation of bacterial load and altered bacterial diversity in the airway cause an increase in the production
of pro-inflammatory cytokines, including IL-1β and IL-23. Then, these cytokines induce the expansion of lung-
resident γδ T cells which, in turn, promote the neutrophil-induced inflammation within the tumor
microenvironment. Finally, cytokines derived from infiltrated neutrophils, such as IL-22 and amphiregulin,
contribute to the proliferation of lung cancer cells [139, 140]. The specific composition of lung microbiota might
be a key player in controlling lung local inflammation in specific microenvironments such as the one seen in lung
cancers. Specifically, it has been reported that alterations in the lung bacterial balance from Firmicutes to
Proteobacteria is closely associated to increased anti-tumor immunity after antibiotic treatment [140].
Additionally, the altered bacterial composition caused by specific bacteria taxa, such as Prevotella and Veillonella,
originally located in the oral site, was closely associated to lung inflammation through the increase in the
expression of Th17 cells and inflammatory cytokines [141]. Altogether, alterations or imbalances in the bacterial
composition in the lung may be considered a potential triggering factor of local chronic inflammation. 

Microbiome and Therapeutic Approach on Cancer
Gut microbiota not only participates in carcinogenesis but may also contribute to cancer therapy. The

microbiome is found to influence the response and toxicity of various therapeutic approaches, and the dynamics
of chemotherapy and immune checkpoint blockade strategies (Fig. 2).

Immune Checkpoint Blockade Immunotherapy
The idea, immune checkpoint blockade immunotherapy, is based on the amplification of cytotoxic T cells via

blocking the checkpoint surface proteins such as CTLA-4 or PD-1 to kill the target cancer cells efficiently [142].
Several studies have proven that gut microbiota contribute to the modulation of tumor responses to immune
checkpoint blockade immunotherapies in some cancers [143-146]. Results from clinical models demonstrate that
some specific microbial signatures in cancer patients favor systemic immunity and intratumoral immune
infiltrates, thus increasing the effects of checkpoint blockade immunotherapy. These results are also supported by
preclinical studies employing fecal microbiota transplants (FMT) in germ-free mouse models [144]. Preclinical
and clinical studies suggest that among the different features of microbiota-exerting influences on antitumoral
immunity, the interaction between microbial components or products (e.g., pathogen-associated molecular
patterns (PAMPs)) and the innate immunity including APCs mainly promotes the adaptive immune response [71,
147]. Therefore, those enhanced immune responses, resulting in increasing the anti-tumoral function of cytotoxic
T cells which infiltrated in the tumor [145, 146]. These results suggest that further studies need to be focused on
identifying the specific bacterial species that may favor antitumoral responses.

 
Chemotherapy

Several preclinical models suggest that microbiota influence responses to chemotherapies. In the case of
cyclophosphamide, the composition of microbiota is altered and intestinal permeability enhanced, which allows
the translocation of specific bacteria into secondary lymphoid organs that stimulate the process of Th17
maturation within the lamina propria and effector lymph nodes [148]. Similarly, responses to local CpG
oligonucleotide immunotherapy and oxaliplatin chemotherapy, however, were found to be dependent on
microbial-related aspects, namely in the expression of inflammation-promoting genes and the production of ROS
by myeloid cells in the tumor microenvironment [149].

Gut Microbiota and Treatment Toxicity
Gut microbiota not only contributes to therapeutic responses, but it has also been demonstrated to play a role in

regulating cancer treatment toxicity. In the case of allogeneic stem cell transplantation, performed for various
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hematologic malignancies, distinct compositions of gut microbiota yield differential risks of developing graft-
versus-host-disease (GVHD) [150-152]. While sites where acute GVHD most commonly occurs are highly
occupied by bacterial flora, the development of GVHD has been shown to be related to TLR signaling, implying
the critical role of microbiota effects [153, 154]. Gut microbiota also influences treatment toxicity in several other
anticancer therapies. Some gut microbial taxa, including bacteria belonging to the Bacteroidetes phylum, are
found to be protective against immunotherapy toxicity and are more frequently present in patients that are
resistant to ipilimumab-induced colitis [155]. Bacteria belonging to the Bifidobacterium genus are also involved in
fighting some pathological features in an immunotherapy-induced colitis mouse model [156]. Similarly, bacteria
belonging to the Firmicutes phylum can play a role on immunotherapy and immunotherapy-induced colitis, with
several bacterial taxa being related with favorable responses and treatment toxicity. Preclinical models
demonstrate the dual role of gut microbiota in response to oxaliplatin, a platinum-based chemotherapy drug,
contributing to both tumor cytotoxicity and mechanical hyperalgesia by increasing the levels of ROS and
proinflammatory cytokines in the dorsal root ganglion [157]. Besides, radiation was found to modify gut
microbial composition in preclinical models, characterized by a reduced abundance of Firmicutes and an
increased abundance of Proteobacteria, with this alteration possibly enhancing the susceptibility to radiation-
induced colitis [158].

Fecal Microbiota Transplantation (FMT)
FMT was a method developed to restore gut microbiota diversity of patients that display different pathologies

through the transplantation of fecal matter from healthy people into the intestinal tract of recipients [159, 160].
Historically, the healthy donor’s fecal content was introduced to rescue food poisoning or diarrhea about 1,700
years ago [161]. Following the application of FMT, patients with gastric cancer were found to exhibit a different
bacterial diversity and a relative abundance compared to healthy controls, showing a potential prediction of the
dysbiotic microbial community [162]. Interestingly, Helicobacter pylori has been demonstrated as a major player
in FMT strategies, with eradication treatments greatly counteracting the development of gastric adenocarcinoma
whereas patients receiving H. pylori treatment showing lower rates of metachronous gastric cancer [163, 164].

FMT has been shown to exert great benefits in liver diseases. Indeed, in mouse models, increasing gut

Fig. 2. The positive effects of microbiome to the anti-cancer therapeutic methods. Gut microbiota have been well
known to contribute to improve the several cancer therapies. At the steady state, certain gut microbiota provides cytokines and
PAMPs to activated DCs. It helps to improve the efficacy of immune checkpoint blockade therapy which increase the anti-
cancer function of CD8+ T cells. Chemotherapy is one of the old methods to eliminate cancers from patients.
Cyclophosphamide has been reported that induce the permeabilization of gut bacteria into lamina propria, thus the infiltrated
bacteria activate local immune responses to remove cancers. The direct transfer of microbiota from healthy people to cancer
patient via FMT have been proved to improve the condition of cancer patients potentially. Last, the probiotics with live
commensal bacteria and the prebiotic which assist the expansion of gut microbiota can help the anti-cancer effects through
activate the local immune systems.
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microbiota diversity through FMT, alleviates high-fat diet-induced liver damage [165]. Similarly, FMT using fecal
matter from alcoholic liver disease resistant donors to recipient mice was found to prevent the progress of alcohol-
related liver damage [166]. Furthermore, one pilot study with human patients reported that FMT showed efficacy
in improving gut dysbiosis and clinical outcomes in patients with the severe alcoholic hepatitis [167].

Dietary Therapy
Various microbial consortia are intimately related to human digestion and nutrient uptake. Among them, the

gut microbiota is known to be the most important player because it regulates nutritional availability and, in turn,
its composition is modulated by diet. Several studies have demonstrated the role of dietary modulation in shaping
gut microbial composition. For example, the elimination of animal fat from diet was found to be related to a
decrease in bacteria from the Bacteroidales order [40] whereas a high-fiber diet was related to short chain fatty acid
(SCFA)-producing bacteria [168, 169]. Such modulations likely reflect changes in both mice immunity and
human metabolism. Considering this, dietary modulation is thought to play an important role in cancer therapies
[170, 171].

Prebiotics and probiotics can also be used to modify and regulate gut microbiota [172]. Prebiotics are specific
chemicals that selectively promote the growth of targeted groups of bacteria. Animal studies show that mice with
prebiotic-rich diets display enhanced effects of the chemotherapeutics and of radiotherapy [173]. Lactobacillus
acidophilus as probiotics was first reported that it provides the anti-cancer function to reduce colon cancer
compared to healthy control [174]. The live probiotic strains including Enterococcus faecium RM11 and
Lactobacillus fermentum RM28 from milk have been demonstrated that it causes the anti-proliferation of colon
cancer cells in vitro condition [175]. At the phase 1 clinical trial, “a bifidogenic-live bacterial probiotics” showed
that the improvement of clinical outcome in the renal cell carcinoma patients when co-treatment with checkpoint
inhibitors such as nivolumab and ipilimumab [176].

Conclusions and Outlook
It has been increasingly clear that commensal microbiota greatly contributes to the regulation of human health,

mostly by affecting immunity and the immunological landscape. In fact, disruptions in microbial communities,
particularly alterations in their diversity, may trigger the development of several pathologies, including
autoimmune diseases, allergy, and cancers. Robust evidence suggests that microbiota dysregulation at the
community level, but also at the individual level, may underly the genesis of several cancer types, while providing
promising avenues for cancer treatment. While microbiota per se can impact cancer outcome, numerous ongoing
studies are now addressing the impact of external forces such as diet, antigen exposure, medications, and stress,
which may greatly affect the microbiome-immune-cancer axis.

Here we reviewed evidence pointing to the strong effects of a microbiome and tissue immunity relationship in
the development and treatment of different types of cancers. However, despite of its impact, we still need to
consider some cautious factors. First, in human organs, the microbiome composition among different individuals
is too varied, which difficulties the application of a one-size-fits-all therapeutic method. Second, it is still not clear
which epigenetic factors play a role in modifying the composition and abundance of microbiota. Current
literature extensively suggests the positive effects of FMT strategies in curing specific diseases, in both animal
models and human studies, but there are still concerns about how they affect the microbiota landscape of the
offspring and about the long-term impact of such strategies. Therefore, further studies focused on understanding
the functions and features of microbiome and tissue immune mechanisms are required to overcome such
questions. Finally, we believe that advancements on the knowledge about the microbiome-immune axis will
provide key insights to improve current cancer therapies in the near future. 
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